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ASTRACT 

This  r e p o r t  summarizes i n  d e t a i l  t h e  complete  s t u d y  program for  
t h e  des ign ,  development and performance of an Optimum Charging 
System a8 r e q u i r e d  i n  NASA C o n t r a c t  No. NAS5-3785. 

A pr imary s t u d y  program c o n t r a c t  and an  "add-on" c o n t r a c t  w e r e  
awarded t o  Engineered Magnetics by NASA. 

Under the  p r o v i s i o n s  of t h e  primary c o n t r a c t ,  two Ampere-Hour 
Meter Taper Charge Systelii breii&oards were d e s i g ~ e d ,  fabricated 
and t e s t e d :  one breadboard  w a s  s u b m i t t e d  for  use  t o  NASA and 
t h e  other w a s  r e t a i n e d  fo r  use a t  Engineered Magnetics.  These 
breadboards use  an  A m p e r e - H o u r  Meter ae t he  c o n t r o l l i n g  d e v i c e  
t o  charge nickel-cadmium batteries. A S o l a r  Array  S imula to r  
was also developed t o  s imulate  t he  a c t u a l  Solar Array for t es t  
f u n c t i o n s  a t  Engineered Magnetice. 

The "add-on" c o n t r a c t  a u t h o r i z e d  the des ign ,  f a b r i c a t i o n  and 
t e s t i n g  of an  Adhydrode-Optimum Tracking  System breadboard  
which u t i l i z e s  the Adhydrode Voltages of the Adhydrode B a t t e r y  
C e l l s  for the  charge c o n t r o l l i n g  factor i n  l i e u  of the Ampere- 
Hour Meter c o n t r o l l i n g  device .  The Adhydrode-Optimum Tracking  
System c o n t a i n s  a Maximum Power Tracker  c i r c u i t  t o  a t t a i n  opthum 
power t r a n s f e r e n c e  t o  the battery. 

The Ampere-Hour Meter Taper  Charge System w a s  modi f ied  t o  serve 
a8 a back-up t o  the Adhydrode-Optimum Ttack inq  System and 
s imul taneous ly  f u r n i s h e s  a s i g n a l  tha t  c a n  be conve r t ed  t o  
ampere-hours w i t h  c a l i b r a t i o n  cu rves .  E i t h e r  t he  Ampere-Hour 
Meter c o n t r o l l e d  breadboard  o r  the Adhydrode Voltage c o n t r o l l e d  
breadboard can  be ope ra t ed  as  a separate se l f - con ta ined  charge 
c o n t r o l  system. 

I n  a d d i t i o n ,  cons ide rab le  t e s t i n g  and exper iment ing  w a 8  conducted 
on the Gulton 6 Ampere-Hour Adhydrode cel ls  f o r  e v a l u a t i o n  
p U r p O 8 e S .  
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I. BASIC DESIGNS 

A.  AMPERE-HOUR METER TAPER CHARGE SYSTEM 

1. Block Diaqram 
a. 

b. 

C .  

d. 

e. 

The eng inee r ing  s t u d y  of the primary c o n t r a c t  
began on A p r i l  10, 1964. The main o b j e c t i v e  ' 

was t o  des ign  an  Optimum Charging Sys tem w h i c h  

u s e s  an Ampere-Hour Meter a s  t h e  c o n t r o l l i n g  
dev ice  t o  charge  nickel-cadmium b a t t e r i e s .  
The engineer ing  study d e t e r m i n e d  t h a t  t h e  

b a s i c  hpere-EoUr Meter Taper Charge SvStem 

should be comprised of f i v e  maior s ec t ions  a s  
fol lows (see Fig-re 1-1, Block  Diagram) : 
A Charqe Cont ro l  Requla tor  which charge8 t h e  
b a t t e r y  by three d i f f e r e n t  modes in each 
charge  c y c l e .  I n i t i a l l y ,  t h e  b a t t e r y  is  
charged i n  a s o l a r  a r r a y  l i m i t e d  mode: t h e n  
switched t o  a c o n s t a n t  v o l t a g e  t a p e r  cha rge  
as t h e  battery v o l t a g e  ri8es: and t h e n  f i n a l l y  
switched t o  a lower v o l t a g e  t r i c k l e  cha rge  
a f t e r  the b a t t e r y  is f u l l y  charged. 
An Analoq-to-Dicrital Convekter which c o n v e r t s  
t h e  analog s i g n a l  ( b a t t e r y  c u r r e n t  as monitored 
across the 8hun t )  t o  a d i g i t a l ,  or frequency 
s i g n a l .  Five coulombs ( f i v e  ampere-8econd8) 
t o  equal one p u l s e  a t  t h e  inpu t  t o  
t h e  Frequency Divider  (Countdown). 
A Memory which stores informat ion  r e l a t e d  t o  
the s t a t e  of b a t t e r y  charge  dur ing  b o t h  t h e  
charge  and d i s c h a r g e  modes. 

Chars8 &lodo Losic C i r c u i t 8  t o  p rov ide  s i g n a l s  
to tha Charcr e Control Reau la tor  f o r  switch-to- 
t r i c k l e  charge mods; t o  t h e  Analocr-To-Disital 
Converter f o r  p r o v i s i o n  of a unidirectional 
o u t p u t  for a b i - d i r e c t i o n a l  input :  and t o  the 
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Memory to control the d i r e c t i o n  of count ing .  
IC addition t o  the Ampere-€bur Meter Taper 
Charge System, a Load Simula to r  wais fabricated 
t o  p rov ide  loads on the  b a t t e r y  and the solar 

f. 

a r r a y  t o  s i m u l a t e  t h e  satel l i te  electrical 
loads. A Load Pul80 Width Regula tor  wa8 a180 
fabricated t o  be used i n  c o n j u n c t i o n  w i t h  the 
Load Simula tor  to prov ide  high e f f i c i e n c y  
convers ion .  

The basic sy8teln w a s  breadboarded for e v a l u a t i o n  
of performance. 

2. Performance Cha racterirt i c a  
a.  Some performance charactor~ot ic6 of th8 Arapere- 

Hour Meter Tape r  Charge Syrtua are a8 fol lawa:  

(1) The e f f i c i e n c y  of the b 8 t t o r y  Charge Con t ro l  
Regulator  is between 93 and 94 p e r c e n t .  

( 2 )  The l i n e a r i t y  of the Analog-To-Digital 
Ampere-Hour Meter c o n t r o l  c i r c u i t  is 
better t h a n  one pe rcen t .  

(3) Powor d r a i n  i n  the  Analog-To-Digital 
Ampore-Hour Meter c o n t r o l  c i r c u i t  i e  108s 

t h a n  one w a t t .  
B. ADHYDRODE-OPTIMUM TRACKING SYSTEM 

1. Block Diaqrm 
a. Engineered Magnotic6 wan awarded an "8dd on" 

c o n t r a c t  t o  tho O p t h u m  Charging Sy8tem otudy 
program by NASA which became e f f e c t i v e  on 
June 24, 1965. The main o b j e c t i v e  waa t o  
des ign ,  fabricate, and t a r t  an Optimum Charg- 
i n g  Syatan breadboard which would uoe the 
Adhydrode v o l t a s e 8  of Qul ton  6 Amp sro-Hour 
cells a8 tho charse c o n t r o l  devico  i n 8 t a r d  of 
the Amper 0-Hour Meter. Thie ay8t.m i n c o r p o r a t o r  
a c i r c u i t  des igna ted  as the "Maximum Powor 
Tracker. " The Maximum Pwer Trackar c i r c u i t  
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a c c m p l ~ h a s  ntaxhum power t r a n s f e r e n c e  from 
the Solar Array to the Bat t e ry .  The 
prev ious ly  designed Ampere-Hour Meter Taper 
Charge Syrtem w.0 modified t o  s e r v e  as a 
backup for the Adhydrodo-Opthum Tracking 
System and, also,  to s imul taneous ly  f u r n i s h  
a s i g n a l  t h a t  can be conver ted  into ampere- 
hours  w i t h  c a l i b r a t i o n  curveo. Tho block 
diagram of the Adhydroda-Optimum Tracking  
Syetam is shown in Ffgi i re  1-2. 
An exp lana t ion  of the basic des ign  followrt b. 

M a x h u m  power t r a n s f e r e n c o  from tho Solar 
Array t o  the B a t t e r y  is accomplished by 
changing the duty c y c l e  of the Pulse-  
Width Modulated T r a n s i s t o r  Swi t ch  by  means 
of a feedback s i g n a l .  Changing tho duty  
c y c l e  e f f e c t i v e l y  changes the load l i n e  
i n  toms of impedance. 
When the  foodback loop of tho s y r t r m  1s 

Switch w i l l  a d j u r t  i n  such  a manner a8 to 
i n t e r s e c t  with tho p o i n t  of maximum power 
on the Solar Array vo l t ago /cu r ron t  curvo 
(roe Figuro 1-3) . 
Tho duty cycle of the Tran siator Switch 
is altrred by r i g n a l s  from the P o r t u r b i n g  
Sicrnal Source which momentarily sh i f t8  
the load  line. 
Dopanding on the p o r i t i o n  of the load l i n e ,  
p o s i t i v e  or n e g a t i v o  going  Son80 Sicmale 
appear a t  the load ( B a t t o r y ) .  A n o g a t i v e  
going Senso Sicmal enorg ize8  Pharo Do tector 
- A through the Invart incr  Amr, l i f ie r  and a 
p o s i t i v e  going  Sense S i a n a l  e n o r g i t e a  

clorod, the duty  c y c l e  of tho Tran riator 

-5- 
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FIGURE 1-3. MAXIMUM POWER CHARACTERISTICS OF SOLAR ARRAY INPUT POWER 
TO ADHYDRODE-OPTIMUM TRACKING SYSTEM. 
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Phase Detector B through the ,Non-Inve.xthq 
Amplifier. 

energ ized ,  the D i f f e r e n t i a l  Axm l i f  ier o u t p u t  
w i l l  swing i n  such a d i r e c t i o n  through the 
L imi t e r  a6 t o  decrease or increase t h o  duty  
c y c l e  of the T r a n r i 8 t o r  Switch so tha t  t h e  
load l i n e  w i l l  always s h i f t  toward the 
point of maximum power on the Solar Array 
v o l t a g e / c u r r e n t  curve.  

of the Battem reacher a predetermined l e v e l  
the Adhydrode Sense and Con t ro l  C i r c u i t  
gene ra t ee  a s i g n a l  which r h u t e  off t h e  
p u l r e  Width Modulated T r a n r i s t o r  Switch 
and ene rg ize8  the c o n s t a n t  c u r r e n t  Trickle  
Charcre C i r c u i t .  Trickle charge c u r r e n t  i8 
determined by the 8 e t t i n g  of a power 
p o t o n t i m e t e r  (Rl, tisee Schematic 57854) 

i n e t a l l e d  on the breadboard. 
( 7 )  The Adhvdrode Sense and Cont ro l  C i r c u i t ,  as 

deoigned, i e  capable of receiving s i g n a l s  
from 1 t o  4 Adhydrode c e l l a .  The chargor 
w i l l  switch to t r i c k l o  charge upon r e c e i v -  
i n g  a e i g n a l  from either the Bdhvclr odo 
Senre  and Con t ro l  C i r c u i t  or from a n  
e x t e r n a l  backup eource,  such as the Ampero- 
Hour Meter . 

( 8 )  me Auxi l i a ry  power suppi ie .  r e c e i v e  their  
i n p u t  d i r o c t l y  from t h o  Solar Array o u t p u t  
(a t  the p o i n t  j u r t  before the g l o c k i n q  
piode) and f u r n i r h  p m r  t o  th8 Maxhum 
Pawor Tracker, T r i c k l e  Charue C i r c u i t ,  and . 
Adhvdro de Senso and Cont ro l  C i r c u i t .  Due 

( 5 )  According to which Phase Detector is  

(6) When the  Adhydrode v o l t a g e  (or v o l t a g e e )  

t o  tha Blockhcr  Diode, the Aux i l i a rv  P QW8X 



C. 

S u p p l h  are inoperative during the 
battery discharge cycle. 

2. Performanc-e C h a r a c t e r i s t i c s  
a. The performance characteristics of the  bread- 

' board  des ign  of the Adhydrodo-Opthum Tracking  
System are as follows: 
(1) The oystem will respond w i t h  reaeonable  

speed ( i n  the  order of s e v e r a l  seconds)  
if t h e  slope of the powor o u t p u t  v s r e u r  
c u r r e n t  o u t p u t  charactari6tic of the  i n p u t  
power source  is highor t h a n  8 w a t t s  per 
amp (ooe Figure  1-3). 

( 2 )  The mystun w i l l  f u n c t i o n  a a t i m f a c t o r i l y  
if tho r o s i e t a n c e  of tha o u t p u t  l oad  
( I n t a r n a l  r e s i a t a n c e  of tho b a t t e r y )  i 8  

mor. t h a n  a few t e n t h s  of an  ohm. 

I 

(3) The low f requency r i p p l e  m p l i t u d o  a t  the 
inpu t  power s o u r c e  can  be held w e l l  b e l o w  
one v o l t  peak-to-peak for t y p i c a l  i n p u t  
power and o u t p u t  load c h a r a c t e r i a t i c r .  

(4) The response t i m e  of the aystam t o  o u t p u t  
load v a r i a t i o n 8 ,  s o u r c e  variation.,  or 
changes from diachargo  t o  charge b 
t y p i c a l l y  about  aovoral aoconds. 

(5 )  The error factor of the 8pt01n is about  
4%, oxcluding  the power d i 8 s i p a t i o n  of 
the T r a n a i s t o r  Switch.  

( 6 )  The pwor  d i e s f p a t i o n  of the aystem is  
loa8 t h a n  500 MW, exc lud ing  the power 
d i r r i p a t i o n  of the T r a n 8 i a t o r  Switch, 

OPTIMUM CHARGING BYBTEM DESCRIPTION 
The Opt imum Charging System has 6 modes of  o p a r a t l o n  
t o  charge the B a t t e r y  a8 i n d i c a t e d  I n  F igu re  1-4. 
1. Maximum Power Charging c o n t r o l l e d  by Ampere-Flour 

Meter . 
- 9- 
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2 .  Maximum Power Charging c o n t r o l l e d  by Adhydrode 
Volt age. 

3. Maximum Power Charging c o n t r o l l e d  by e i t h e r  
the Ampere-Hour M e t e r  o r  the Adhydrode Voltage. 

4. Taper Charging c o n t r o l l e d  by Ampere-Hour Meter. 
5 .  Taper Charging c o n t r o l l e d  by Adhydrode Voltage.  
6.  Taper Charging c o n t r o l l e d  by e i ther  t h e  Ampere- 

Hour Meter o r  t h e  Adhydrode Voltage. 

During t h e  l i g h t  p e r i o d ,  the  Solar Array supp l i e s  
power tG the S a t e l l i t e  LGZd Sfid to the *tiE'&T 

Charging System which keeps t h e  B a t t e r y  charged. 
During the dark p e r i o d  the  B a t t e r y ,  charged by t h e  
Optimum Charging System, s u p p l i e s  power t o  t h e  
Sa te l l i t e  Load. 

The Ampere-Hour M e t e r  c o n t r o l l e d  O p t i m u m  Charging 
System o r  t h e  Adhydrode Voltage Con t ro l l ed  Optimum 
Charging Sys tem can  be ope ra t ed  s e p a r a t e l y  or i n  
con junc t ion  wi th  each o t h e r .  When o p e r a t i n g  
together, e i ther  c o n t r o l l i n g  s i g n a l  (Adhydrode 
Voltage or Ampere-Hour Meter) can  i n i t i a t e  charg ing  
t h e  B a t t e r y  depending on which c o n t r o l l i n g  s i g n a l  
comes f irst .  The c o n t r o l  s i g n a l  can be set t o  occur 
at a d e s i g n a t e d  t i m e .  The Optimum Charging Sys tem 
is e f f i c i e n t l y  u s e d  as an  Adhydrode Voltage con- 
t r o l l e d  system w i t h  the  Ampere-Hour Meter a s  the  
back-up c o n t r o l  s i g n a l .  

B o t h  O p t i m u m  Charging Sys tems  w e r e  des igned  and 

fabricated having the  fo l lowing  o p e r a t i n g  c o n d i t i o n s :  

(1) Load P u l s e  Width Regulator  E f f i c i e n c y  94% 

( 2 )  Load 10.5 V a t  6 A 63 w a t t s  

(4) Dark Period (d i scha rge )  30 mine. 
(5 )  Light  Per iod (charge) 60 mins. 

(6) %IN 

( 3 )  Number of Ba t t e ry  C e l l s  10 

S o l a r  Array (end of charge)  15.6 V 

? -11- 



( 7 )  Solar Array Voltage vs. T h e  See Fig, 1-5, 

(8) Battery Voltage vs. T i m e  See F i g .  1-5, 

curve (a: 

Curve (B) 
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If. baA3Wlb CIltCUZT DESCRIPTIObl 
A. CBhWS -0L RBQULATOR (PART OF AMPERE-EOUR METER 

'PAPER CfARQE BYSnbM, S1tE SCRBMTIC 59055.) 

a. 

b. 

a 

C. 

The Charge Control Regula tor  i r  a swi t ch ing  
type r e g u l a t o r  w i t h  approximately 94% off i c i e n c y  . 
Tho block diagram, F igu re  2-1, ehowm the s i x  

f u n c t i o n a l  e lements  of the Charge Con t ro l  
Raqulator .  Regula t ion  is accomplished i n  a 

manner 8 h i l a r  t o  t h a t  of a servo amplifier, 
in that  an error or d i f f e r e n c e  v o l t a g e  is uaed 
t o  c o n t r o l  the o u t p u t  and t h e r e b y  minimize t h e  
error. The v o l t a g o  d i f f e r e n c e  between the 
Reforonco Voltage (CR106) and a oanrple of tho 
rogu la tod  ou tpu t  io detected and amplified by 
the D i f  f e r a n t i a l  Amplifier (0108, 4109) . The 
Level De tec t ing  Ampl i f ie r  ((2106, 4107) s e n i e s  
the magnAtudo of the  error r i g n a l  and v a r i o e  
t h o  duty cyc lo  of t he  Switching Tramis to r  4103 
(on-tima to off-time) i n  a d i r e c t i o n  t o  correct 
any d o v i a t i o n  from the premet voltage. 
The Differential  Ampl i f ie r  takes a t r u e  sample 
of t h e  ou tpu t  voltage t o  compare w i t h  the  
c o n s t a n t  Reference Voltage. A r e s i e t a n c e  
divider, Rll6 and R117, a c r o ~ s  the r e g u l a t e d  
o u t p u t  i a  used t o  p rov ide  t h i s  sample. The 
Level Detec t ing  Amplifier is synchronized by 
the  c o n v e r t e r  i n  the Contro l  C i r c u i t  Power 
Supplies s o c t i o n .  H i g h  f r e q u e n c i e s  a r e  uaed 
t o  accelerate the response  t h e  of the system 
for  f a a t o r  c o r r e c t i o n  of o u t p u t  v o l t a g e  changes. 
By va ry ing  the t iming  of pulses t o  the baos of 
Switching T r a n s i s t o r  0103, the  t r a n s i s t o r  can  
be mwitched on and off w i t h  a va ry ing  duty  cyc le .  
This is shown i n  F igure  2-2. When the 

-14- 
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T r a n s i s t o r  S w i t c h  is on, the laesss are a 
function of the t r a n s i e t o r  s a t u r a t i o n  
r e s i s t a n c e  which is  extremely low. During 
the T r a n s i s t o r  Swi tch  off period no losses 
are sus t a ined .  
h a p a b i l i t y  are very  high. 

d. A f i l t e r  c i r c u i t ,  LlOl and C103, f o l l o w s  the 
Swi tch ing  T r a n s b t o r  t o  average  the puleed  
ou tpu t .  A t y p i c a l  eequence of e v e n t s  can be 
followed to demonotrate circuit performance. 
I f  the ou tpu t  r e g u l a t e d  voltage t ends  t o  rise, 
the D i f f e r e n t i a l  A m p l i f i e r  w i l l  sen6e t h i s  
increase. Thia i n c r e a s e  i n  o u t p u t  v o l t a g e  w i l l  
be compared t o  t h e  c o n s t a n t  Reforence Voltage 
and r e e u l t  i n  an error s i g n a l .  The error 
s i g n a l  is fed back t o  the  Level De tec t ing  
Amplifier, which reduces the  time d u r a t i o n  of 
the d r i v e  pulse ou tpu t .  S i n c e  d r i v e  t o  the 
bare of t h e  Swi tch ing  T r a n s i s t o r  is shorter i n  
t h e  dura t ion ,  the on-time become6 s h o r t e r .  
The filtered o u t p u t  of p u l s e s  from the Switch- 
ing Tranri8tor will r e s u l t  in a lower average 
r e g u l a t e d  and c o r r e c t e d  o u t p u t  vo l tage .  

e. The purpose of the  Sync C i r c u i t  io t o  ensu re  
t h a t  the Charge Contro l  Regulator  does switch 
a t  the same frequency as the Cont ro l  C i r c u i t  
Power Supply. This avo ids  t h e  p o s s i b i l i t y  of 
beat f r equenc ie s  between v a r i o u s  par ts  of t h e  
rryrtem. 9112 p e r f o m s  t h i s  sync func t ion .  
9112, ClOS and R122 m a k e  up a ramp gene ra to r .  
Each t ime a p u l s e  appears  a t  the base of 0112,  
4112 saturatela momentarily w h i c h  discharges 
C105. I n  between d i scha rge  p u l s e a ,  (2105 
chargem through R 1 2 2  . 

Eff i c i ency  and powr hand l ing  
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2. Inpu t -Ou tpu t  Equation 
a. I n  the s i m p l i f i e d  schamatic of F i g u r e  2-2, 

if no lossee are assumed f o r  T r a n s i s t o r  
S w i t c h  4103 and Choke L l O l  t h e n ,  

Ou tpu t  V o l t a g e  = I n p u t  Voltage X Duty C y c l e  
of t h e  S w i t c h i n g  T r a n s i s t o r  
0103 

t o n  = -  t, 
ton + teff T Duty  C y c l e  ie d e f i n e d  to be 

where T is the  peri~c? nf the chopping 

f r e q u e n c y  of Q103. 

3. Deoisn P a r a m e t e r s  . 
a. I f  the  Charge Control Regula tor  is v i s u a l i z e d  

a8 a f e e d b a c k  amplifier, then the r e q u i r e d  

regulation t o  maintain the charging vol tage 
as the inpu t  (Solar A r r a y )  and  load (Ba t t e ry )  
varieo is governed by the open loop ga in .  
This is  8hown i n  Figure 2-3. 

----r- 
FIGURE 2-3. CHARGE CONTROL REGULATOR I N  TERMS OF 

FEEDBACK AMPLIFIER CONFIGURATION. 
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b, Employing the fo l lowing  equation8, 

1 - ( A / 3  ) s h o r t  c i r c u i t  ' 0  = a 1- (A 0 open c i r c u i t  

where: A - AI X A2 

= ou tpu t  impedance E = o u t p u t  v a r i a t i o n  0 
E- = n o i s e  (Array zo I w i t h  feedback 

z = ou tpu t  impedance 11 voltage v a r i a t i o n )  
Vith feedback 
i n e f f e c t i v e  E P refersfice voltage 

S 

Applying t h e  equa t ions ,  
1 Eo = - I -AB En 

Z ' 0  E 1 - ( ~ / 3  ) open loop 

- 0 i n  terms of AC v a r i a t i o n  Es 

( A D  .I 0 s i n c e  i n  thlza i n s t a n c e  
it i8hgr$of&58ihmdback c i r c u i t .  

For t h e  r e q u i r e d  v a l u e s  of Eo and Zor  t h e  open 
c i r c u i t  loop gain A P  is determined. 

The open loop gain A of t h e  Charge Cont ro l  
Regu la to r  fr approximately -240 w i t h  a feedback 
factor P of 0.45, which g i v e s  an A 6  of about  
-100. 

The regulation f a c t o r  is therefore 

-1 Bo - 5 .01. 1 + 100 

The ou tpu t  impedance w i t h  feedback was measured 
t o  be .Oln. The cha rg ing  v o l t a g e  change due  t o  
h p u t  v a r i a t i o n s  (24V-16V) is -08 volts and 
t h e  change due t o  load  variation6 (624-1A) i 8  .OS v o l t s .  
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Tots1 change is -13 vo l t s  or f .065 v o l t s .  

This corresponds to approximately f .05% 
v a r i a t i o n  of cha rg ing  vo l t age .  

c. O r d i n a r i l y ,  the des ign  of LC f i l ters  r e q u i r e s  
cons ide ra t ion  of ou tpu t  r ipple,  t r a n s i e n t  
response,  and the  c r i t i ca l  inductance.  The 
f i r e t  t w o  f a c t o r s  are r e l a t i v e l y  unimportant 
i n  b a t t e r y  cha rge r  des ign  c o n s i d e r a t i o n s .  
Cons idera t ion  of the c r i t i c a l  inductance,  how- 
e v e r ,  is of some value .  When the  Charge 
Cont ro l  Regulator operates beyond t h e  c r i t i ca l  
inductance  reg ion ,  it is liable t o  g e n e r a t e  
greater no i se  i n  t h e  ground bus ( s i n c e  c u r r e n t  
f l o w  is discont inuous)  and r e s u l t  i n  adve r se  
effects on  the s w i t c h i n g  c i r c u i t s ,  e.g. flip- 
flops, etc. 

The equat ion  for cr i t ical  inductance (LcRIT) is 
a6 f O l l O W 8 :  

t 0 f f  x RL 
LCRIT 2 

Ihder worst cas. c o n d i t i o n s ,  i.e. high l i n e  
and light load, L C ~ T  can  be detormined. 
maxhum input i a  ae8umed t o  be 24 v o l t s ,  minimum 
load i t 3  1 amp at 1 3  v o l t s ,  toff = T ( 1 - 5 1 ,  T US 

20ms, t0ff = 92wS, t h u s  

The 

Vin 

92uS X 130  
2 

P 
LCRIT 

B. AMPERE-HOUR METER (USED W I T H  AMPERE-HOUR METER TAPER 
CHARGE SYSTEM, SEE SCHEMATIC 5 9 0 5 5 . )  

1. OR e r a t i o n  
a. A block diagram of the Ampere-Hour Meter is 

shown i n  F igure  2-4. It c o n s i s t s  of t w o  b a s i c  
subsyetam6. Ona is a n  Analog-to-Digital  

-20- 
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Converter where a v o l t a g e  p r o p o r t i o n a l  t o  
b a t t e r y  c u r r e n t  is conver ted  i n t o  a pulse r a t e .  
The second 18 the Countdown, Memory, and Logic 
system where t h e  p u l s e  r a t e  is counted, stored, 
and converted into a switch-to-trickle-charge 
s i g n a l .  

b. The Analog-to-Digital  Converter  c o n s i s t s  of 
two DC Signal Ampl i f i e r s  (charge and d i s c h a r g e ) ,  
a Demodulator, and aii Ir;tegrat.r?r a ~ c ?  R e s e t  1,evei 

Detector. The DC Signal Ampl i f ie rs  provide  a 
c l o s e d  loop g a i n  of 50 t o  s t e p  up t h e  s i g n a l  
from the b a t t e r y  c u r r e n t  shun t .  This DC s i g n a l  
is bi_Dolar and t h e  p o l a r i t y  i n d i c a t e s  charge  
o r  discharge. The Demodulator conver t s  the  

b i p o l a r  s i g n a l s  i n t o  one of single p o l a r i t y ,  
This s i g n a l  is used t o  c o n t r o l  a c o n s t a n t  
c u r r e n t  gene ra to r  i n  a c a p a c i t o r  cha rg ing  type  
Integrator.  The Reset Level Detec tor  p rov ides  
a p u l a e  ou tpu t  and resets t h e  I n t e g r a t o r  when 
t h e  charging c a p a c i t o r  reaches a predetermined 
l e v e l .  Thus, t h e  Analog-to-Digi ta l  Converter  
g e n e r a t e s  a p u l s e  t r a i n  whose r e p e t i t i o n  r a t e  
is p r o p o r t i o n a l  t o  battery c u r r e n t .  

c. The Countdown, Memory and Logic system coun t s  
and s t o r e s  t h e  p u l s e s .  Since t h e  p u l s e  r a t e  
is  p r c p o r t i o n a l  t o  battery c u r r e n t ,  t h e  total 

number i n  t h e  Memory i s  the  product  of car ren t  

and t i m e ,  or  amp-hoiirs. T h e  M e m o r l ’  is  a six b i t  

c o u n t e r  a n d  has 64 d i s t i n c t  states. These 64 

states  are u s e d  tg indicate total ’sat tery capa-1. 

Therefore, each count for a 6 AH b a t t e r y  
corrcsponds to approximately 0.1 ampere-hour 
added or removed. During the charge  c y c l e ,  
t h e  Charge Mode Logic c i r cu i t  detects when t h e  
Memory reaches t h e  f u l l  charge  s t a t e  and 
g e n e r a t e s  the switch-to-trickle-charge s i g n a l .  

- 2 2 -  



FIGURE 2-5. CHARGE AND DISCHAROE SIGNAL AMPLIFIERS. 
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d .  The Charge S igna l  Ampl i f ie r  and Discharge 
S igna l  Amplif ier  shown i n  F i g u r e  2-5 c o n s i s t s  
of a F a i r c h i l d  pA702 I n t e g r a t e d  D i f f e r e n t i a l  
Ampl i f ie r  and o p e r a t i o n a l  t y p e  n e g a t i v e  feed- 

back. "Charge E f f i c i e n c y  Thermis tors  " form a 
p a r t  of t h e  feedback r e s i s t o r  i n  the  Charge 
S i g n a l  Amplif ier .  Their purpose is t o  c o r r e c t  
t h e  v a r i a t i o n s  i n  recharge  e f f i c i e n c y  wi th  
tempera ture  and are mour?ted d i r e c t l y  on the 
b a t t e r y .  A t  room t empera ture  the feedback 
resistor of t h e  Charge S i g n a l  Ampl i f ie r  is ad-  

j u s t e d  so t h a t  its gain i s  abcut  20% lc-..,er tha:. 
t h a t  cf t h e  Discharge S igna l  Amplifler. When 

the  Ampere-Hour Meter reads " f u l l y  charged" 
a f t e r  t h e  charg ing  p e r i o d ,  20% more charge has  
been p u t  i n t o  t h e  b a t t e r y  t h a n  was removed 

du r ing  t h e  d i scha rge  p e r i o d .  
e. Depending on t h e  s i g n a l s  from the  Charge Mode 

Logic c i r c u i t ,  Q20l and 0202 select and 
t r a n s m i t  t o  t h e  I n t e g r a t o r  e i t h e r  t h e  o u t p u t  
of t h e  Charge S i g n a l  Ampl i f ie r  or t h e  ou tpu t  of 
t h e  Discharge S i g n a l  Ampl i f ie r .  During the  

d i scha rge  pe r iod ,  CR202 and 9 2 0 2  conduct  wh i l e  
CR201 and 4201 are c u t  off, t h u s  connec t ing  t h e  
o u t p u t  of the Discharge S i g n a l  Ampl i f ie r  t o  
resistor R213, which i n  t u r n  feeds i n t o  the  

I n t e g r a t o r .  D u r i n g  the charge  pe r iod ,  CR201 
and 4201 conduct w h i l e  CR202 and Q202 a r e  cut 
off. 

f. Figure  2-6 shows the  I n t e g r a t o r  and R e s e t  Level 
mtector. Tha I n t e g r a t o r  is b a s i c a l l y  a Miller 

c i r c u i t .  Uni junct ion t r a n s i s t o r  0207 acts as a 
l e v e l  d e t e c t o r .  Pulses f r o m  4207 a r e  f ed  i n t o  
Texae Ins t ruments  g a t e  SN513A which s e r v e s  as 
a pulse a m p l i f i e r  (PA1). The ou tpu t  p u l s e  of 

-24-  



FIGURE 2-6. 

9. 

INTEGRATOR AND RESET "-1Al-&------i 
LEVEL DETECTOR. .- r - p . 7  

L s  t 

The Frequency Div ider  (Countdown) shown in 
Figure 2-7 c o n s i s t s  of s i x  flip-flops 
cascaded i n  series. Sixty-four pulses at the 
input correspond to one pulse at the output. 
The output pulse feeds into the Memory. 
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FIGURE 2-7. FREQUENCY DIVIDER (COUNTDOWN). 

I 

h. The Memory shown in Figure 2-8 is made up of 
Texas Instruments flip-flops SN511A and pulse 
"exclusive or" gates SN5191. ff the Memory 
was used s o l e l y  for  the purpose of counting 
up or counting down, the "exclus ive  or"  gates  
would not be needed. Depending upon the  DC 
signal to the  Memory from the Charge Mode 
Logic circuit ,  the  gates function t o  make the  
Memory e i t h e r  count up or count dawn, The 
8tate of each flip-flop (B1 through B 6 )  is 
defined to  be "1" when pin  10 is  high (pos- 
i t i v e  3V) and p in  6 is  l o w  ( p o s i t i v e  5 V ) .  

The flip-flop is tr iggered by the negative-  
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g o i n g  s t e p .  D u r i n g  t h e  c h a r g e  p e r i o d ,  t h e  

" e x c l u s i v e  or" ga te  e f f e c t i v e l y  c o n n e c t s  p i n  

10 of flip-flop B1 t o  t h e  f l i p - f l o p  of t he  
n e x t  h i g h e r  s i g n i f i c a n c e ,  B2. Whenever B1 
g o e s  from "1" t o  " O " ,  B2 i s  t r i g g e r e d ,  o r  t he  

c a r r y  is f o r w a r d e d .  T h i s  i s  c h a r a c t e r i s t i c  

of t h e  c o u n t - u p  f u n c t i o n .  I n  t h e  d i s c h a r g e  

per iod;  the " e x c l u s i v e  o r "  qa t e  c o n n e c t s  p i n  

5 of B1 t o  t h e  i n p u t  of B2, so t h a t  whenever  

B 1  goes from " 0 "  t o  "l", a c a r r y  i s  f o r w a r d e d  

t o  B2 .  T h i s  is  c h a r a c t e r i s t i c  of the c o u n t -  

down f u n c t i o n .  Res i s to r s  R 2 6 4  t h r o u g h  R269 are 
c o n n e c t e d  t o  t h o  o u t p u t s  of t h e  b i n a r i e s  and  

t h e i r  v a l u e s  w e i g h t e d  i n  s u c h  a way t h a t  t h e  

t e r m i n a l  d e s i g n a t e d  a s  "CHARGE STATE +'I  c a n  

be used t o  p r o v i d e  a n  a n a l o g  o u t p u t  f rom the 

Memory. I f  the  "CHARGE STATE +" t e r m i n a l  is 

c o n n e c t e d  t o  g r o u n d  t h r o u g h  a resistor, t h e n  

t h e  voltage across t h i s  r e s i s t o r  w i l l  be 

p r o p o r t i o n a l  t o  t h e  number s t o r e d  i n  the Memory. 

2 .  De6iqn Parameters 
a.  The number of f l i p - f l o p s  i n  t he  Memory deter- 

m i n e s  the accuracy of the  Ampere-Hour Meter. 
I n h e r e n t  i n d i c a t i o n  error is  - w h e r e  n is 
t h e  number o f  f l i p - f l o p s .  

2"' 

b. T h e  number of f l i p - f l o p s  i n  t h e  F requency  

D i v i d e r  (Countdown) a n d  t h e  r e p e t i t i o n  r a t e  

is m a i n l y  g o v e r n e d  by t h e  c h o i c e  of t h e  

I n t e g r a t o r  capacitor C204, C 2 0 5 ,  a n d  C 2 1 5 .  A 

large capac i tor  c u t s  down the  number of f l i p -  

f lops  by r e d u c i n g  t h e  frr:q A - . -  . However, a 
l a rge  capaci tor ,  e s p e c i a l l y  o n e  w i t h  s t ab le  

t e m p e r a t u r e  c h a r a c t e r i s t i c s ,  is q u i t e  b u l k y .  

Optimum d e s i g n  s h o u l d  take i n t o  a c c o u n t  t h e  



space  a v a i l a b l e  f o r  the  c a p a c i t o r ,  t h e  accuracy  

r e q u i r e d  w i t h  v a r i a t i o n s  of tempera ture ,  and 
t h e  r equ i r ed  pulee  r a t e  i n t o  t h e  up-down c - d E t e :  

(M@rnor~~).  The i n t e g r a t o r  c a p a c i t o r  c o n s i s t s  of 

t h r e e  tantalum c a p a c i t o r s  (C204,205,216) w?th a total 

capac i t ance  of 167uf.  ( W e t  tantalum c a p a c i t o r s  
w e r e  chosen s i n c e  they  have t h e  lowest leakage 

c u r r e n t  c h a r a c t e r i s t i c s  among tantalum c a p a c i t o r s . )  
The leakage c u r r e n t  a t  4 u  L i b  approximately 

0 . 6 ~ a m p s  with a stress l e v e l  of 3V. 5OO~amps 
through t h e  c a p a c i t o r  corresponds t o  5 amps 
c u r r e n t  through t h e  b a t t e r y .  A t  t h e  b a t t e r y  
cu r re l i t  level sf 1 ampere, t h e  I n t e g r a t o r  
c a p a c i t o r  c u r r e n t  i s  lOO,amps, t h u s  t h e  e r r o r  
produced b y  t h e  leakage  c u r r e n t  is about - ' m 8  o r  130' 
1.876, and a t  5 ampere b a t t e r y  c u r r e n t  l e v e l ,  t h e  
leakage c u r r e n t  i s  approximately A or 0.4%. 

With t h i s  accuracy,  one I n t e g r a t o r  ou tpu t  p u l s e  
wi th  a 3.5V s w e e p  corresponds  t o  6 ampere-seconds 
(6 coulombs) of charge  i n t o  t h e  b a t t e r y .  

- 0 -  

i a  
500' 

P I x t = 600 x X 1 second = CV *cap. 

'L 167 X 10-6uf X 3.5 v o l t s  

The ou tpu t  p u l s e  of t h e  Frequency Divider  (Count- 
down) w i t h  6 f l i p - f l o p s  corresponds t o  

6 amp-sec X 2 0 .1  Ampere-Hour. 6 -  

' The s i x  b i t  Memory s e c t i o n  then ,  corresponds t o  

0.1 x 26 = 6 . 4  Wpere-E-: r.;, 

C.  MAXIMUM POWER TRACKER (USED WITH ADHYDRODE-OPTIMUM 
TRACKING SYSTEM, SEE SCHEMATIC 57854.) 
1. op e r a t i o n  

a .  For t h e  d i scuss ion  which follows r e f e r  t o  
F igu re  1 -2 ,  Adhydrode-Optimum Tracking S y s t e m  
Block Diagram, where the Maxhum Power Tracker  
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is shown wi th  r e l a t i o n  t o  t h e  system o p e r a t i o n .  

t h e  Pulse-Width Modulated T r a n s i s t o r  Switch is 
a d j u e t e d  by mean6 of a feedback loop so that 
maximum power is d e l i v e r e d  from t h e  S o l a r  Array 
t o  t h e  Bat te ry .  The o p e r a t i o n  is analogous t o  
a d j u s t i n g  t h e  t u r n s  r a t i o  of a t r ans fo rmer  t o  
match the load to an  AC source  impedance. I n  
the c i rcc i t  ahmm in Figure 2-9, i f  the  t u r n s  
r a t i o  of t h e  t r ans fo rmer  is  a d j u s t e d  so t h a t  

b. During t h e  charg ing  p e r i o d ,  t h e  duty c y c l e  of 

= n2RL, maximum power w i l l  be d e l i v e r e d  from 
t h e  AC source  i n  t h e  primary t o  t h e  load  RL i n  
t h e  secondary. The analogous equation f o r  the 

pulse-width modulated t r a n s i s t o r  swi t ch  is  
17 t - - 0  Lon t h u s  t h e  e f f e c t i v e  t u r n s  r a t i o  

- V i n  

n 

r a t i o "  of the DC t r ans fo rmer  (pulee-width 
modulated t r a n r i s t o r  s w i t c h )  is changed. 

"0 
T O  

- ton : hence, by vary ing  ton t h e  " t u r n s  
T 

R L 

n :  1 
FIGURE 2-9. MAXIMUM POWER TRANSFERENCE 

UWING TRANSFORMER. 

c. I n  t h e  Maximum Power  Tracker, maximum power 
t r a n s f e r e n c e  from the S o l a r  Array t o  the 
Bat t e ry  is accompliehed by changing t h e  duty 
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SOLAR ARRAY V - I  
CHARACTERIS T i C 

BATTERY 
VOLTAGE 

POINT 
OF 

O R I G I N  

cycle of the Transistor Switch, which changes 
the  load l i n e  from A t o  B a s  shown in Figure  

2-10. 

V 

t 
I 

LOAD LINE W I T H  MAXIMUM 
POWER TRACKER 

riel, i . e .  t c T  on / 
/ 

/ 
n Y 1 ,  i . e .  ton=T 

.- 
I '  

LOAD LINE WITHOUT 
MAXIMUM POWER TRACKER 

- 1  

FIGURE 2-10. EFFECTS OF CHANGING THE DUTY CYCLE 
OF THE TRANSISTOR SWITCH. 

d. When the f e d b a c k  loop of the rystem is  c lored ,  
the duty c y c l e  of the Transistor Switch w i l l  
adjust  i n  ruch a manner as to fn teraec t  wi th  
the maximum power po int  shown on Figure 2-11. 

__  - SOLAR ARRAY V - I  CHARACTERISTIC V 
X X' 

A i? -4 ~ +- - -- MAXIMUM POWER POINT 

I I POWER OUTPUT VS- 
1 / /' " 3 . i  

FIGURE 2-11. INTERSECTION OF TRANSISTOR SWITCH DUTY CYCLE 
WITH MAXIMUM POWER POINT. 
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I n  v i s u a l i z i n g  how t h i s  a c t i o n  is accomplishet¶, 
cons ide r  a r e s i s t i v e  load  a t  t h e  o u t p u t  i n s t e a d  
o f  a r e s i s t a n c e  i n  series w i t h  an i d e a l  b a t t e r y  
(which is  e q u i v a l e n t  t o  t h e  a c t u a l  b a t t e r y )  . 

Assume t h a t  t h e  d u t y  c y c l e  of t h e  Trano ia to r  
Switch is such t h a t  t h e  load  l i n e  appears  a s  
X i n  F igure  2-11. 
S i g n a l  decreases  t h e  duty c y c l e  of  t h e  T r a n s i s t o r  
Switch by  momentarily s h i f t i n g  t he  load l i n e  t o  
XI. This a c t i o n  dec reases  t h e  o u t p u t  p o w e r  and 
c a u ~ e s  a nega t ive  going s e n s e  s i g n a l  t o  appear  
a t  t h e  load .  The n e g a t i v e  going s e n s e  s i g n a l  
eiiergizas T h s e  Detec tor  A. Phase Detector A 

causes  t h e  D i f f e r e n t i a l  Amplifier ou tpu t  t o  
swing i n  a d i r e c t i o n  which i n c r e a s e s  t h e  duty 
cyc le .  This i n c r e a s e  s h i f t s  t h e  load  l i n e  t o  
XI', o r  toward t h e  maximum power p o i n t .  If, on 
t h e  o t h e r  hand, t h e  duty c y c l e  o f  t h e  T r a n s i a t o r  
Switch is such t h a t  the l oad  l i n e  appear6 as Y 
i n  F igure  2-11, t h e  p o s i t i v e  going  perturbing 
signal decreases  t h e  duty c y c l e  o f  t h e  Tran6iiltor 
Switch a8 before, b u t  output power will hcrsaee 
because the load l i n e  now e h i f t s  t o  Y ' .  As a 

r o s u l t  of t h i a  act ion,  a p o s i t i v e  going 8on6e 
s i g n a l  appears  a t  t h e  load .  The p o s i t i v e  going 
s e n s e  s i g n a l  e n e r g i z e s  Phase Detector B. Phase 
De tec to r  B causes  t h e  D i f f e r e n t i a l  Ampl i f ie r  
o u t p u t  t o  swing i n  a d i r e c t i o n  which decreaaes  
t h e  d u t y  cyc le .  T h i s  w i l l  s h i f t  t h e  load l i n e  
t o  Y" ,  o r  toward t h e  maximum power p o i n t .  I n  
t h e  c a s e  of a ba t te ry  load, t h e  load  l i n e  
w i l l  no t  pass t h e  p o i n t  of o r i g i n ,  as is t h e  

The p o s i t i v e  going P e r t u r b i n g  
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case wi th  a r e s i s t i v e  load ,  and the  s l o p e  of 
the load line w i l l  be much smaller. 

e, The Pulse-WiUth Modulated T r a n s i s t o r  Switch a6 

shown i n  F i g u r e  2-12 is e m s e n t i a l l y  a power 
t r a n s i s t o r  chopper (OQ) w i t h  an LC Fi l ter  a t  
the ou tpu t .  Three signals are superimposed on 
t h e  base of 09: a high  frequency (10 KC) 
synchroniz ing  s i g n a l  from t h e  Aux i l i a ry  P o w e r  
Supp l i e s ,  a DC s i g n a l  f r o m  t h e  D i f f e r e n t i a l  
Amplif ier ,  and a low f r e q u e n c y  squa re  wave 
(10 CPS) from the P e r t u r b i n g  S i g n a l  Solirze. 09 

w i l l  be t u rned  on and off by t he  synchronous 
s i g n a l .  However, the duty c y c l e  of the switch- 
i n g  t r a n s i e t o r  Q8 depends on the  l e v e l  o f  t h e  
alowly vary ing  e i g n a l s  ( t h e  DC s i g n a l  p l u s  t h e  
10 CPS p e r t u r b i n g  s i g n a l )  supp l i ed  ts Q3. QB Lz 

connected i n  such a way that whenever 09 is 
Ifon", 98 is 'foff" and vice ver sa .  Switching 
t r a n s i e t o r  Q8 d r i v e s  96, which in t u r n  d r i v e 6  
the Darl ington  connected t r a n s i e t o r s  04 and US. 

Thus t h e  duty cycle of t h e  swi t ch ing  power 
t r a n e i s t o r  44 is c o n t r o l l e d  by the DC s i g n a l  
l e v e l  into 49. The "end of change" s i g n a l  is 
a p p l i e d  to the  baea of 07 and t u r n s  off 44, 

f. The I n v e r t i n g  and Non-Inverting Ampl i f ie rs  are 
o p e r a t i o n a l  t y p e  feedback a m p l i f i e r s  us ing  
F a i r c h i l d  pA702C I n t e g r a t e d  D i f f e r e n t i a l  
Amplifiere. They are shown i n  Figure6 2-13 

and 2-14. 

g .  The ou tpu t  of the Phase Detector, shown i n  
F igu re  2-15, may appear as waveform "a", "b", 
or "c". Waveform "a" r e p r e s e n t s  the c o n d i t i o n  
when t h e  inpu t  signal from t h e  I n v e r t i n g  or  
I n v e r t i n g  Ampl i f ie r ,  and the r e f e r e n c e  s i g n a l  

from the Perturbing Signa l  Source are complete!;. 
in-phase and maximum ou tpu t  t o  the  Differential 
Ampl i f ie r  is ::le r e s u l t .  
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WITH INPUT, TO 
PHASE DETECTOR 

.- - - - 

T‘y2---1 SIGNAL IS IN-PHASE 
W I T H  INPUT, TO PHASE 

n 

U 
SENSE SIGNAL 
INPUT FROM 
BATTERY 

FIGURE 2-14. NON-INVERTING AMPLIFIER SIPIPLXFIED DIAGRAM. 
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INPUT SIGNAL FROM " 
0 " 

t INVERTING OR NON- 1 -_ 
1 INVERTING AMPLIFIER / 

OUTPUT TO 
DIFFERENTIAL 
AMPLIFIER 

FIGURE 2-15. PHASE DETECTOR A OR B AND OUTPUT WAVEFORMS. 

Waveform 'IC" represents  t h e  condit ion when 
t he  input s igna l  i s  completely out-of-phase 
with  the reference s i g n a l  and the o u t p u t  is 
then zero. The waveform of "b" w i l l  r e s u l t  
when the i n p u t  s i g n a l  is partia-ll i:-,-phase ( - 

out-of-phase) with the reference s i g n a l .  The 
output is then non-zero, b u t  less than 
that  of condit ion " a " .  The waveforms described 
above actually apply to  the period when the 
~ a x i m u m  Power Tracker is "hunting" the maximum 
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power p o i n t .  
power p o i n t  the waveforms w i l l  be as i n  F igu re  
2-16. In t h i s  inmtance, the i n p u t  and both 
Phase Detec tor  o u t p u t s  are ideally zero. 
Actua l ly  the i n p u t  c o n t a i n s  some n o i s e  v o l t a g e s  
of low amplitude.  

While o p e r a t i n g  at the maximum 

INPUT SIGNAL FROM 
INVERTING OR 

AMPLIFIER 
- 0  NON-INVERTING - - -  _ _  

7 

DIFFERENTIAL 
AMPLIFIER 

REFERENCE SIGNAL 
FROM PERTURBING 
SIGNAL SOURCE 

0 

FIGURE 2-16. PHASE DETECTOR OUTPUT WAVEFORM 
AT MAXIMUM POWER POINT OPERATION. 

h, The D i f f e r e n t i a l  Amplifier ahown i n  F igu re  
2-17 is a F a i r c h i l d  p 7 0 2 C ,  used w i t h c u t  local 
feedback. An RC compensation network a t  the  
ou tpu t  is used t o  f i l t e r  o u t  t h e  10 CPS 
component. The DC o u t p u t  signal c o n t r o l s  the 
Pulse-Width Mudulated Transistor Switch 

desc r ibed  p rev ious ly .  
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LIMITER 

INPUT FROM 
PHASE DETECTOR A 

INPUT FROM 
P m S E  ZETErnP,  B 

FIGURE 2-17. DIFFERENTIAL AMPLIFIER. 

i. The function of the Limi te r  iar t o  limit t h e  
axcursion of tho DC ~ i g n a l  f eed ing  i n t o  t h e  
Tranrirtor Switch. Without t h e  Limi te r ,  it is 
posrpible for tho DC rrignal to swing f a r  enough 
dur ing  the “hunt ing”  p e r i o d  t o  c u t  off or 
s a t u r a t e  the T r a n s i s t o r  Switch.  I f  t h i s  
happens, the p e r t u r b i n g  s i g n a l  w i l l  be i n e f f c c -  
t i v e .  P e r t u r b a t i o n  of t h e  duty cycle of t h e  
Transistor Switch w i l l  not occur and t h e r e  
would be no low frequency r i p p l e  a t  t h e  b a t t e r y ,  

which is essent ia l  t o  t h e  Maximum Power  Tracker  

ope ra t ion .  Thus, t h e  T r a n s i s t o r  Switch c c L l d  

l a t c h  i n  a cu t -o f f  o r  saturated cond i t ion .  The 
P e r t u r b i n g  S igna l  Soc:rLe (10 CPS oscillatpr) 

Supplie8 the p e r t u r b i n g  s i g n a l  t o  t h e  P u i s e -  

Width Modulated T r a n s i s t o r  Switch,  and t h e  

t 
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r e f e r e n c e  s i g n a l  t o  Phase Detector A and B. 

It is b a s i c a l l y  an  as tab le  m u l t i v i b r a t o r  w i t h  

a b u f f e r .  Thi6 is shown i n  F i g u r e  2-18. 

+3 VDC +12 v 

FIGURE 2-18, PERTURBING SIGNAL SOURCE. 

PERTURBING 
S IGNAL 

L. \- 

REFERENCE 
S I G N A L S  

The Trickle  Charge C i r c u i t ,  shown i n  F i g u r e  
2-19, is t u rned  on by a p o s i t i v e  vol tage a t  

the  base of 43. When 43 t u r n s  on, Q2 also 
t u r n s  on and p r o v i d e s  a path from the  c u r r e n t  
s o u r c e  c o n s i s t i n g  of 91, associated resistors, 
and t he  v o l t a g e  s o u r c e  t o  the b a t t e r y .  
"end of charge" s i g n a l  d r i v i n g  Q3 is also 
a p p l i e d  t o  the baae  of t r a n s i s t o r  97 (F igu re  
2-12) of the Puloo-Width Modulated Transi8tor 
Switch,  and turns off 44. 

The 
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F I G U R E  2-19. TRICKLE CHARGE C I R C U I T  S I M P L I F I E D  DIAGRAM. 
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2. I n p u t - O u t p u t  Equations 
a.  Figure  2-20A shows t h e  c h a r a c t e r i s t i c s  of a 

S o l a r  Array. Load l i n e  "A" r e p r e s e n t s  t h e  
c o n d i t i o n  when t h e  b a t t e r y  is d i r e c t l y  con- 
nec ted  t o  t h e  S o l a r  Array d u r i n g  t h e  charge  
p e r i o d .  Although t h e r e  is a non-d i s s ipa t ive  
power t r a n s f e r ,  it is n o t  an optimum match. 
This r e s u l t s  in t h e  o p e r a t i n g  p o i n t  a t  "x" ,  

which corresponds t o  p o i n t  ''a'' i n  F i g u r s  2-20B, 

and shows much less power ou tpu t  than  Pma,. 

b. Load l i n e  IIB" r e p r e s e n t s  t h e  c o n d i t i o n  when 
t h e  Maximum Power Tracker  is  i n  c o n t r o l ,  and 
r e s u l t s  i n  t h e  o p e r a t i n g  p o i n t  a t  "g", t i h k h  

corresponds t o  t h e  maximum S o l a r  Array ou tpu t .  
The Maximum Power Tracker  has  e f f e c t i v e l y  
changed the  load  l i n e  " A "  t o  load  l i n e  "B" t o  
o b t a i n  maximum power. 
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FIGURE 2-20. SOLAR ARRAY CHARACTERISTICS.  
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c. The s h i f t i n g  of the  load l i n e  can be e f f e c t e d  
through fmp.dance changes. 

L Z  

R 

E 

FIGURE 2-21. TRANSIS'i'OR SWITCH FUNCTION, SIMPLIFXED DIAGRAM. 

In Figure 2-21, R, i n  roriea with the  ideal 
bat tery  X, repramntr tho actual battery a t  a 

c e r t a i n  moment. The V-I c h a r a c t e r i s t i c  is l o a d  
line "A"  in Figure  2-20A wi th  p rope r  p o l a r i t y .  
L1 and L2 are large enough so t h a t  c u r r e n t  

through them is e s s e n t i a l l y  DC. Wire r e s i s t a n c e  
i n  Ll and L2 is negligible. Assume t h a t  t h e  
transistor switch and d i o d e  D1 have no losses. 
When the  t rans ie tor  switch i s  closed during 
the  entire chopping period, the V - I  character- 
istic af tho input is s i m p l y  that  of a battery, 
R in eeries with E. If the t ran6is tor  switch 
now e l m  and opms w i t h  Q c e r t a i n  duty cycle, 
at UI e t  m t m m c y  of 5 RC, the V-I 
charactezirkic w i l l  chango. If tho input 

-43- 



c u r r e n t  is I, t h e n  t h e  current i n t o  the load 

( b a t t e r y  i n  t h i s  case) is  -. I Power d e l i v e r e d  
n 

t o  the i d e a l  b a t t e r y  is PE = T; I E, and by 

L 
r e s i s t a n c e  p = ($) R. Total power d e l i v e r e d  R 
t o  the  b a t t e r y  is  t h e n  PT = PE + PR = ;;; I E + 

2 
($) R .  This is  a l s o  the power (V X I)  drawn 

a t  t h e  i n p u t ,  s i n c e  all components between t h e  

i n p u t  and t h e  l o a d  were assumed t o  be non- 

d i s  a i p a t  i v e  . 

(1) E 1  
n n  Therefore ,  V - - + -2 R 

' Equa t ion  (1) is i n  the form of V = Vo + R o I ,  

which is  the characterist ic of a b a t t e r y  w i t h  

an  open c i r c u i t  v o l t a g e  of Vo, and i n t e r n a l  

r e s i s t a n c e  of Ro. Thus, for  the i n p u t ,  t he  

battery characteristic has changed from one 

w i t h  an open c i r c u i t  voltage of E and i n t e r n a l  
R r e s i s t a n c e  of R t o  t h a t  of a and - n2 

d.  The basis of the  Maximum Power Tracker  is 
a d j u s t i n g  the duty c y c l e  of the T r a n s i s t o r  
Switch t o  t h e  p o i n t  where the i n t e r s e c t i o n  
of t h e  S o l a r  Array character is t ic  and the  load  
l i n e ,  e f f e c t i v e l y  mod i f i ed  b y  the Maximum 
P o w e r  Tracker ,  is a t  p o i n t  " y "  of F i g u r e  2-20A. 

3.  Desiqn Parameters 
a. Designing the Pulse-Width Modulated T r a n s i s t o r  

S w i t c h  c o n s i s t e d  mainly of choos ing  the  proper 
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t r a n s i s t o r s  and heat  s inks  for  e f f i c i e n t  

handling of the  required power. Considerations 

of turn-on and turn-off time of t h e  switching 

t r a n s i s t o r s  were important. The approximate 

equation for t h e  collector power d i s s i p a t i o n  

i n  a switching t r a n s i s t o r  may be determined by 

assuming the  current and vol tage  waveforms are 

as shown i n  Figure 2-22 .  

vC€ 

r, 

-I 

I t I 
I 

FIGURE 2-22. IDEALIZED SWITCHING WAVEFORMS. 
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When t h e  t r a n s i s t o r  is "off" the pcwnr 
dissipation is 

tOf f a- T 'CE Cmaxj IC ( m i n )  t 

w h e r e  T = period of t he  w a v e f o r m .  

D u r i n g  t h e  "on" t i m e  
ton 

31- 
pc2 T VcE(sat) IC' 

N e g l e c t i n g  IC (min3 d u r i n g  t h e  s w i t c h i n g  i n t e r v a l ,  

t he  co l l ec to r  c u r r a n t  and  collector-to-emitter 

v o l t a g e  may be w r i t t e n  a s  f o l l o w s :  

i =  t 
C I C  t ' 

sw 

- (4 )  and 'CE 'CE(max) - ['CE(max) - ' C E ( s a t ) ]  - t 
t*w 

The energy d i s s i p a t e d  d u r i n g  one s w i t c h i n g  

i n t e r v a l  is 
EC3 -s %3W ic VcE d t .  

0 

i 

A f t e r  i n t e g r a t i o n  and grouping of terms equat ion 

(5 )  becomes 
t s w k  

*C3 a 6 C vCE ( m a x )  + * ' C E ( s a t ) ]  

( 5 )  

T h u s ,  the  total czl lector  power d i s s i p a t i o n  is 
t o n  + -  t 0 f f  

T ' C E ( s a t )  I C  + 

9 -  

pC T 'CE ( m a x )  IC (min)  

c t 

I 1 
?; [ t o f f V C E ( m a x )  C ( m i n )  + 'on"CE ( s a t )  IC 'C 



1 S i n c e  the power loss i s  d i r e c t l y  p r o p o r t i o n a l  
t o  t h e  chopping f requency ,  o p e r a t i o n  a t  the 
lowes t  possible frequency i s  d e s i r e d .  However, 
an  i n c r e a s e  i n  s i z e  o f  the f i l t e r  choke and 
o t h e r  magnetic components i n  the system limits 
t h e  minimum frequency.  T h e  Pulse-Width 
Modulated T r a n s i s t o r  S w i t c h  i s  ope ra t ed  a t  a 
f requency of  5 KC, under which c o n d i t i o n  the  

ave rage  e f f i c i e n c y  of the t r a n s i s t o r  s w i t c h  i s  

92% and t h e  magnetic components w i l l  be of 

r easonab le  s i z e .  
b. The g a i n  of the  I n v e r t i n g  and Non-Inverting 

A m p l i f i e r s  had t o  be ia rge  enough sa that the 
o u t p u t  swings w e r e  s u f f i c i e n t  t o  e n e r g i z e  t h e  
D i f f e r e n t i a l  Amplifier a t  the  wors t  s i g n a l  
c o n d i t i o n .  T h e  wors t  s i g n a l  c o n d i t i o n  occur s  
when t h e  S o l a r  Array v o l t a g e  i s  a t  minimum, 
i .e.,  16 v o l t s .  Assuming t h e  c u r r e n t  l i m i t  o f  
the S o l a r  Array is  a t  7 amps, 

where Ap: change of power d e l i v e r e d  t o  the 
A p  - 7 X 1 6 ( n  + An) -7  X 16 X n = 112(An) 

b a t t e r y  
n: du ty  c y c l e  of the T r a n s i s t o r  S w i t c h  
An: change of the du ty  c y c l e  due to the 

hp = ( 1 1 2 )  ( . O s )  = 5.6 w a t t s .  
p e r t u r b i n g  s i g n a l ,  t y p i c a l l y  f5% 

Change of b a t t e r y  c u r r e n t  
5 . 6  w a t t s  - 
14.6 v o l t s  . 4  a n p .  A I  = 

Voltage change of  t h e  b a t t e r y  due t o  t h e  
p e r t u r b i n g  s i g n a l  is, t h e n ,  

AV = .4  amps X I n t e r n a l  R e s i s t a n c e  of 

AV = .01 v o l t .  
B a t t e r y  (- .03(2) 
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C .  

d .  

Gain of t h e  I n v e r t i n g  and Non- I n v e r t i n g  
Ampl i f ie rs  i s  

where A: Open-loop g a i n  of p A 7 0 2 C  ( t y p i c a l l y  
- 2 6 0 0 )  

1K 1 /3 (feedback r a t i o )  = - = - 422K 4 2 2  

Afb = closed-loop ga in  of a m p l i f i e r  

Input t o  t h e  Phase Detec tor  
= . 0 1 V  X 3 6 3  = 3 . 6  v o l t s .  

This  i s  t h e  approximate magnitude of  t h e  
square  wave i n p u t  t o  t h e  Phase Detec tor  A @r 
B. This r e s u l t s  i n  a s e t t l i n q  time of 10 

seconds i n  t h e  Maxirnum Power Trackex-* 

It  was found exper imenta l ly  t h a t  t h e  s y s t e m  a s  
designed f a i l e d  t o  func t ion  w i t h  the perturbing 
s i g n a l  frequency above 2 5  c y c l e s  per second. 
T i m e  w a s  not adequate  t o  i n v e s t i g a t e  the 
l i m i t i n g  frequency. 
An RC l a g  network a t  t h e  output of t h e  
D i f f e r e n t i a l  Amplif ier  s t a g e  e l i m i n a t e d  t h e  

l o s c i i i a t i o n  of t h e  system. For a given t i m e  
c o n s t a n t ,  RC, i n c r e a s e  of R pe rmi t t ed  t h e  u s e  
of ;r small c a p a c i t o r  a t  t h e  expense,  however, 
of decreas ing  t h e  loop g a i n ;  whereas,  a small 
R and a l a r g e  C increased  t h e  bulk. A 

compromise was made between s i z e  and accuracy.  
The RC p r o d u c t  of about 7 seconds was found 
t o  be  a suitable value  which elimii-iateq the  

o s c i l l a t i o n  of t h e  system and y i e l d e d  about 
10 seconds response t i m e .  Accuracy of the c * - -  

tep va r i ed  approximately a s  shown i n  F igc re  2-23 
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As the  capacitance increased and resistance 
d e c r e a s e d ,  660pf capacitance was chosen for 
the breadboard s i n c e  increasing the capacitance 
over th i s  point  d i d  not  change the accuracy 
e i g n i f  i cant  l y  . 

>- 

3 
I- y 
,& 

FIGURE 2-23 .  CAPACITANCE VS TRACKING ACCURACY. 

D. ADHYDRODE SENSE AND CONTROL CIRCUITS (PART OF BATTERY 
CHARGER CONTROL SYSTEM U S I N G  MAXIMUM POWER TRACKER, 
SEE SCHEMATIC 5 7 8 5 4 . )  

1. o p  e ra t ion  
a .  The Adhydrode Sense and Control C i r c u i t  

consists  of the Magnetic A m p l i f i e r ,  F i l t e r ,  

and a Pulse A m p l i f i e r  (see F i g u r e  2 - 2 4 ) .  

When the  sum of the battery adhydrode voltages 
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FIGURE 2-24. ADHYDRODE SENSE AND CONTROL CIRCUIT BLOCK DIAGRAM. 

FIGURE 2-25.  MA-TIC AMPLIFIER CHARACTERISTICS. 

-50-  



r eaches  t h e  v a l u e  of V1, as shown i n  F i g u r e  
2-25, t h e  ou tpu t  of t h e  Magnetic Amplifier 

is V 2 ,  which is  t h e  t h r e s h o l d  v a l u e  of t h e  
zene r  d iode  (CR23) breakdown vo l t age .  When 
the zene r  diode b reaks  down, t h e  P u l s e  

Ampl i f i e r  (Q27-Q30) g e n e r a t e s  a s i g n a l  which 
i s  used t o  t u r n  off the  Pulse-Width Modulated 
T r a n s i s t o r  Switch and e n e r g i z e  t h e  T r i c k l e  
Charge C i r c u i t .  
The Magnet ic  Amplifier shown i n  F igu re  2-26 

is a s e l f - s a t u r a t i n g  t y p e  doubler  c i r c u i t .  
B i a s  c u r r e n t  i s  supp l i ed  from a c u r r e n t  s o u r c e  
(03ij. 'The c o n t r o l  w i n d i n g  shown m y  hue m y  
number of windings t o  sense '  t h e  adhydrode 
v o l t a g e  from the  b a t t e r y  c e l l s ,  i n  t h i s  case 
four windings (pins '  1 through 8 ) .  Total  

c o n t r o l  c u r r e n t  is t h e n  the a l g e b r a i c  aum of 
c u r r e n t s  i n  a l l  t h e  windings.  
i n  each winding is the adhydrode v o l t a g e  
d iv ided  by the sum of t h e  winding r e s i s t a n c e  
and any resistance which is i n  series w i t h  the  

b. 

Cur ren t  f lowing  

F R O M  TI 

7m 

- 3  r k O  h/"\ QSI 

FIGURE 2-26. MAGNETIC AMPLIFIER SIMPLIFIED DIAGRAM. 
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c. The F i l t e r  shawr ,  ir, Fiq t i r e  2-27 c o r , s i s t s  o f  

ar: RC n e t w o r k  a n d  a n  emitter follower, w h i c r ,  

$,-as added  in order  t~ make R l a L y e  e n o u g h  so 

t h a t  t h e  action of  t h e  M a g n e t i c  A m p l i f i e r  w a s  

no t  a f f ec ted . 

FIGURE 2-27. FILTER. 

I 
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IIIo TEST DATA. 

A. SYSTEM OPERATION MEASUREMENTS. * 
1. Rustrak Recordinqs. 

a. The O p t i m u m  Charging Sj i s tem t?;?n 1)e oper; t . ed  

ir .  s i x  d i f f e r e n t  modes -3s follows: 
Maximum Power Charging Controlled By: 
(1) Signal from Ampere-Hour Meter 
(2) Signal from Adhydrodes of battery cells 
( 3 )  Signal from either Ampere-Hour Meter or 

Adhydrodes 
Taper Charging Controlled By: 
(4) Signal from either Ampere-Hour Meter or 

Adhydrodes 
( 5 )  Signal from Adhydrodes of battery ce l l s  

( 6 )  Signal from Ampere-Hour Meter 
b. Figure 3 - 1  shows the plots recorded during 

the maximum power charging controlled by the 
signal from the Ampere-Hour Meter. The Solar 
Array Simulator was adjusted so that the 
Solar Array Simulator output was 21 volts. 
The current limiting point was 7.3 amperes. 
A 70 watt load was connected to the system to 
simulate the satellite load. The game input 
and load conditions apply to all test data 
recorded . 

c. The charge portion of the State-Of-Charge plot 
on Figure 3 - 1  is approximately a straight line. 
The Battery current is constant since the 
maximum available power is constant at the 
Solar Array Simulator condition. There is 
little battery voltage change during the 
charge period. The Adhydrode voltage in the 
plot is generally a slant line upward because 
the cycling began with the cell f u l l y  charged 
and with the Adhydrode voltage at zero. 

* Refer  t o  F i g u r e  3-20 for test s e t u p .  
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d. A f t e r  many c y c l e s ,  a s t e a d y - s t a t e  c o n d i t i o n  
was reached. I n  t h i s  c o n d i t i o n  the Adhydrode 
v o l t a g e  v a r i a t i o n  was the same f o r  all cycles.  
The Adhydrode v o l t a g e  waa about 15 MV a t  t h e  
p o i n t  where t h e  s y s t e m  switched t o  t r i c k l e  
charge a t  t h e  command of the  Ampere-Hour 
Meter. F i g u r e  3-2 shows t h e  s y s t e m  o p e r a t i o n  
a t  t h e  p o i n t  where t h e  Adhydrode v o l t a g e  a t  
27 MV swi tches  the s y s t e m  t o  tr ickle charge .  
The Ampere-Hour Meter i n  t h i s  c o n d i t i o n  
i n d i c a t e s  t h a t  t h e  sys t em should go i n t o  t h e  
t r ickle  charge mode s l i g h t l y  sooner than  it 
d i d .  

e .  I f  the swi tch ing  v o l t a g e  of the  Adhydrode 
w e r e  r e d u c e d  t o  about 15 MV, the Ampere-Hour 
Meter and t h e  Adhydrode s i g n a l  would each 
i n d i c a t e  t h e  f u l l y  charged c o n d i t i o n  a t  about  
the same t i m e .  

f .  F igu re  3-3 shows the c o n d i t i o n  i n  which ei ther  
the  Ampere-Hour Meter signal or t h e  Adhydrode 
signal, whichever comes f i rs t ,  swi tches  the 
s y s t e m  t o  t r i c k l e  charge.  when t h o  Adhydrode 
v o l t a g e  is e s t  t o  27 MV for swi tch ing ,  t h e  
Ampere-Hour s i g n a l  c o n t r o l s  t h e  charge  mode. 

9. I n  F igure  3-4 t h e  c h a r g e r  is b a s i c a l l y  a pu l se -  
wid th  modulated r e g u l a t o r ,  which e f f e c t s  a 

t a p e r  charge.  
swi t ch  the sys t em a t  27 Mv) c o n t r o l s  t h e  
charg ing  mode r a t h e r  t h a n  c o n t r o l  by t h e  
Ampere-Hour Meter. This is in c o n t r a s t  w i t h  
t h e  Maximum Power Charging s i t u a t i o n .  

h .  F i g u r e  3-5 shows the p l o t e  recorded for  a 

The Adhydrode v o l t a g e  (set t o  

number of charge-discharge c y c l e s  when t h e  
t a p e r  charge is c o n t r o l l e d  by t h e  Adhydrode 
s i g n a l .  Tho Ampere-Hour Meter i n d i c 8 t e s  t h a t  
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i. 

j. 

. the swi tch ing  o p e r a t i o n  t o  t r i c k l e  cha rge  by 
the Adhydrode s i g n a l  is  s l i g h t l y  f a s t ,  
e s p e c i a l l y  i n  the f i rs t  c y c l e .  However, i n  
t h e  second c y c l e  the Ampere-Hour Meter and the 

I Adhydrode v o l t a g e  are i n  better agreement w i t h  
t h e  f u l l y  charged c o n d i t i o n  of the  ce l l .  The 

swi t ch ing  vo l t age  of t he  Adhydrode should  be 

inc reased  s l i g h t l y  f o r  complete agreement. 
Notice tha t  a t  the  end of t he  f irst  c y c l e  
charg ing  p e r i o d  t h e  system r e t u r n s  t o  "charge" 
f r o m  " t r i c k l e  charge" because  the Adhydrode 
v o l t a g e  dropped below t h e  set switching l e v e l  
d u r i n g  the stand-period. 
Figure  3-6 r e p r e s e n t s  the l a s t  s i t u a t i o n  where 
the taper charg ing  is  c o n t r o l l e d  by the Ampere- 
Hour Meter s i g n a l .  
From the c h a r t  r eco rd ings  on F igu res  3-1 and 
3-5, w i t h  the Ampere-Hour Meter i n d i c a t i n g  
t ha t  the  ce l l  is i n  the f u l l y  charged state, 
the  Adhydrode v o l t a g e s  are approximately 15  MV 

and 30 MV f o r  Maximum Power  Charging and Taper 
Charging c o n d i t i o n s  r e s p e c t i v e l y .  The 
resistor value across the  Adhydrode and the 
n e g a t i v e  t e rmina l  w a s  In. 

B. BATTERY ADHYDRODE MEASuELEMENTs.* 
1. C y c l e s  of Operat ion Versus Sense Voltaqe. 

a .  The  Gulton ce l l  VO6HSAD (cel l  w i t h  Adhydrode) 
w a s  s u b j e c t e d  t o  the fo l lowing  i n i t i a l  
experiment:  The B a t t e r y  cel ls  w e r e  t i g h t l y  
packed. N o  p l a s t i c  guards  w e r e  provided.  
The  tests w e r e  performed a t  room tempera ture  
wi thou t  c o o l i n g  p r o v i s i o n s .  F i g u r e  3-7 shows 
the r e s u l t s  of the  experiment .  
(1) The B a t t e r y  was r econd i t ioned .  
(2)  Discharge at 6A for  t h i r t y  minutee.  6A 

* Refer t o  F igure  3-20 f o r  test se tup .  
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FIGURE 3-7 .  CHARGE-DISCiiARGE CYCLES, IEITIAL TEST, 
NO C O O L I N G  P R O V I S I O N S  - 



charge  u n t i l  the Adhydrode voltage reached 
1 2  M I  (10 a c r o s s  Adhydrode) a f t e r  which t h e  
charg ing  c u r r e n t  was s h u t  off  and t h e  cel l  
l e f t  on s t a n d .  A f t e r  17 cycles, t h e  cell 
v o l t a g e  a t  t h e  end of d i scha rge  dropped t o  
about  one v o l t .  

( 3 )  The cell  was l e f t  on s t a n d  u n t i l  the 

Adhydrode v o l t a g e  dropped t o  p r a c t i c a l l y  
ze ro ,  then t h e  charge-d ischarge  cycle wae 

i n i t i a t e d  as i n  ( 2 )  except  tha t  t h e  c e l l  
was disconnected from t h e  cha rg ing  source  
when t h e  Adhydrode v o l t a g e  reached 18 MV 

i nE tead  of 1 2  MV. A f t e r  22 cycles,  the 

ce l l  vo l t age  reached approximately one 
v o l t ,  

(4 )  T h e  cell was aga in  l e f t  on s t a n d  u n t i l  t h e  
Adhydrode v o l t a g e  dropped t o  zero .  Then 
the  c y c l e  was i n i t i a t e d  as i n  ( 2 )  excep t  
the cell went f r o m  "charge" t o  " s t and"  
when the Adhydrode voltage roached 28 MV. 

About 18 c y c l e s  w e r e  accumulated b e f o r e  
the cell voltage dropped to about one volt. 

b, In t h e  next experiment, the battery pack of 
t h e  Gulton 6 Ampere-Hour Adhydrode cells was 

subjected t o  charge-discharge c y c l e s ,  f i r s t  
w i t h  t h e  b a t t e r i e s  fan  cooled ,  and then  
wi thou t  cool ing .  A t y p i c a l  p o r t i o n  of t h e  
r e c o r d e r  c h a r t  monitor ing the Cell Voltage and 
t h e  Adhydrode Voltage when the  b a t t e r y  pack 
was f a n  cooled is  shown on F igure  3-8,  and when 
t h e  b a t t e r y  pack was n o t  cooled  on Figure 3-9. 

c. Following 100 cycles under t h e  c o o l i n g  condi- 
t i o n ,  t h e r e  was no i n d i c a t i o n  of cell v o l t a g e  
drooping (see Sigure 3 - 8 ) .  

# 
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FIGURE 3 - 8 .  CHARGE-DISCHARGE CYCLES W I T 6  BATTERIES FAN COOLED, - 



t 

d. The fan  w a s  d i sconnec ted ,  A f t e r  30 c y c l e s  
wi thou t  coo l ing ,  there w a s  ce l l  v o l t a g e  
drooping as shown on F i g u r e  3-9. 

The b a t t e r y  cooling/non-cooling t e s t  c o n d i t i o n s  
w e r e  both conducted w i t h  a 70 MV c u t o f f  s i g n a l  
a t  the t h i r d  e l e c t r o d e  f o r  the  swi t ch ing  
o p e r a t i o n .  

e. 

f .  Cmclueions reached w e r e  t ha t  wi thou t  s u f f i c i e n t  
c o o l i n g  p rov i s ions ,  the  ba t t e r i e s  would n o t  
accept a f u l l  charge dur ing  the  cha rg ing  period. 
They would t h e r e f o r e  reach a s e v e r e  energy 
d e p l e t i o n  l e v e l  before complet ion of a d i s c h a r g e  
p e r i o d ,  thereby  caus ing  a v o l t a g e  droop t o  
occur .  

2. Sense Voltaqes Versus Returned Amp-Hours. 
a. The fo l lowing  experiment w a s  conducted on a 

Gulton 6 A-H Adhydrode C e l l :  

(1) The cell w a s  d i scha rged  at a 6 ampere rate 
f o r  30 minutes and t h e n  charged at 6 
amperes u n t i l  the Adhydrode voltage was 

above 90 MV. A 1 ohm resistor was connected 
acros8 thca Adhydrode C e l l  for the test. 

( 2 )  The charge c u r r e n t  was then t u r n e d  off and 
the b a t t e r y  l e f t  to s t a n d  u n t i l  the  

Adhydrode v o l t a g e  dropped b e l o w  90 MV. 
The 6 ampere charge c u r r e n t  w a s  t h e n  
reapplied ( t y p i c a l l y  for  2 minutes )  u n t i l  
the Adhydrode v o l t a g e  w a s  a g a i n  above 90 MV. 

During the s t a n d  p e r i o d ,  t h i s  a c t i o n  i s  
somewhat similar t o  t r i c k l e  charg ing .  

b. The desc r ibed  procedure  con t inued  f o r  about  
140 c y c l e s ;  t h e n  the c e l l  w a s  d i scharged  t o  
1 volt and the c a p a c i t y  measured. The c a p a c i t y  
of the cell was 3.35 ampere hours .  Figure 3-10 

is a portion of the chart recorded  d u r i n g  the 
test , 
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C .  OPTIMUM CONTROL MEASUREMENTS TRACKING ACCURACY* 

1. Performance With Solar Ar ray  S imula to r  V a r i a t i o n  
I n  t h i s  experiment the  characteristics of the 
Solar Array S imula tor  w e r e  v a r i e q  from 16 t o  2 9  

v o l t s  and l i m i t i n g  c u r r e n t  from 5.9 amps t o  9.1 

amp6 (see Figure  3-11 for  maximum power of S o l a r  
Array S imula to r ) .  Loads w e r e  set a t  70 w a t t s  
excep t  for  the c o n d i t i o n  of the l o w e s t  S o l a r  
Array S imula tor  v o l t a g e  where the  load W a 6  se t  
a t  18 w a t t s .  T a b l e  I is the t r a c k i n g  accuracy 
summary of results a t  room, l o w  and h i g h  tempera- 
t u r e s  w i t h  the S o l a r  Array S imula to r  v o l t a g e  and 
c u r r e n t  va r i ed .  F igu res  3-12, 3-13, and 3-i4 are 
t h e  t r a c k i n g  accuracy summary of r e s u l t s  a t  room, 
low and high tempera ture  w i t h  the Solar Array 
S imula to r  a t  a c o n s t a n t  21 v o l t s  and c u r r e n t  a t  
7 amps. 

. 

* Track ing  Accuracy i s  measured i n  96 u t i l i z a t i o n ,  the ra t io  of 
the maximum demand t o  the r a t e d  capacity. 
3-20 f o r  test s e t u p .  

Refer t o  F igu re  
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ROOM TEMPERATURE 
V a r i a t i o n  of Array Vol-age (Array Cur ren t  Approximately 7 Amps) 
Array  Voltage Max. Power P o i n t  Output Power of Utilization 

(VDC) of Arrav S imula tor  A r r a y  S imula to r  
16 

2 1  
29 

117 
150 
191  

LOW TEMPERATURE o°C 

16 117 
21 150 
29 191  

HIGH TEMPERATURE 5o°C 

16 117 
2 1  150 
29 191 

109 93.2 
146 97.5 
188 98.4 

106  

143 
186 

110 
142 
184 

94.8 
95.3 

97.4 

94 
94.7 
96.3 

ROOM TEMPERATURE 

V a r i a t i o n  of Array Cur ren t  (Array Vol tage  Approximately 2 1  V o l t s )  

Array Cur ren t  Max. Power P o i n t  Output P o w e r  of % Utilization 
( h P 6 )  of A r r a y  S imula to r  Array Simulator 
5.9 
7.3 
9.1 

* 

116 
150 

184 

LOWTEMPERATURE o°C 

5.9 116 
7.3 150 
9.1 184 

HIGH TEMPERATURE 5o°C 

5.9 116 
7.3 150 
9.1  184 

113 

146 
181 

110 

143 
175 

1 1 2  

142 
175 

97.4 
97.3 
98.3 

94.8 
95.3 
95.1 

96.5 

94.7 
95.1 

TABLE I .  TRACKING ACCURACY RESULTS AT ROOM, LOW, AND 
HIGH TEMPERATURES, ARRAY VOLTAGE AND CURRENT VARIED. 

-70- 



! 



I 

I 
n 



. . . . . . . . . .  . . . . . . . . . .  * ---- L t  1 f -1 --*--r-- 2 ~ -  l,---tT. -_- . .  . . . . . . . . . . . . . .  . . ' - + .  ._..-.A __ -.- 
. . . . . . . .  .. --. - ? .  I .  

c , 
, + L  , . . ,  + . . _ - _ ~ f _ . * ~ _ .  

. . . . . . . . .  
1 

. . . . . . .  1 

. / . * . . *  . .  
& . ~ .  . , . . t -  

. . .  d . . .  . 

. . ; _  . . . . .  
I - a * .  * . .  

. . . . ,  . . . .  
I . .  I /  



2. Performance With Load V a r i a t i o n  
I n  t h i s  experiment t h e  S o l a r  Array S imula tor  w a s  
set a t  nominal va lue  ( 2 1  v o l t s  and 7.3 amperes 
l i m i t i n g )  and a t  room temperature .  The maximum 
power p o i n t  of the S o l a r  Ar ray  S imula tor  i n  t h i s  
c o n d i t i o n  was 150 w a t t s ,  The fo l lowing  r e s u l t s  
show t h e  d a t a  obta ined  on t r a c k i n g  accuracywhen 
t h e  load  is  va r i ed .  

O u t p u t  Fower of  
Current Array S imula tor  % U t i l i z a t i o n  

(Amps 1 (Watts) 
.74 

1.96 
3.54 
4.12 

142 
140 
146 

144 

94.4 
93.5 
n? 9 
Y 1 . 3  

96.2 

3. Performance With Ba t t e ry  Voltaqe V a r i a t i o n  
I n  t h i a  experiment t h e  S o l a r  Array S imula tor  was 
set a t  nominal va lue  ( 2 1  v o l t s  and 7.3 amperes 
l i m i t i n g ) .  The maximum power p o i n t  of t h e  S o l a r  
Array S i m u l a t o r  i n  t h i s  c o n d i t i o n  w a 8  150 wa t t s .  
The l o a d  w a s  se t  a t  t h e  nominal va lue  of 7 0  w a t t s .  
The d a t a  b e l o w  summarizes t h e  t r a c k i n g  accuracy 
when the b a t t e r y  voltage is v a r i e d ,  

Output Power of 

(Watts) 
Battery Array S imula tor  % U t i l i z a t i o n  (VDC) 

13.5 
1 4 . 2  
1 5  

147 
146 
l A 7  
- 6 . 7  I 

97.6 

97.3 
97.6 

4.  Response t o  S tep  Load Chanqe and S t e p  Inpu t  Chanqe 
The photograph, F igure  3-15, shows t h e  b a t t e r y  
c u r r e n t  change of 2 amperes due t o  s t e p  load  change 
(decrease  of l o a d ) .  
t h e  f i n a l  value i n  approximately 4 seconds.  

I 

The b a t t e r y  c u r r e n t  reaches  
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3FfOORB 3-15. BATTERY CURRENT CHANGE DUE TO STEP LOAI) CHANGE. z 
The e e t t l i n g  t i m e  of the  Maximum Power  Tracker t o  
the step input change wz8 as follows: (The Solar 
Array Shula tor  i s  applied ics tantaneouely  to  the 
M a % h u m  Pawer Tracker.) 

; ' 
? 

Solar Character i s t i c  S e t t l i r l q  Time 

. * 7:mpS - 16V 15 seconds : 7 amp0 - 21v 8 seconds 
7 -8 - 30V 12 seconds 
21V - 6 amps 8 seconds 
2 1 V  - 7 amps 8 seconds 
21v - 10 amps 9 seconds 

The load was a t  t h e  nominal value of 7 0  wat t s .  

pesponse to AC Loads on Solar  Array Simulator 
The fo l lowin9 d a t a  shws-the r e s u l t  of the 
measurements of t h e  Solar Array Simulator average 
current and average voltage when the load was 

varied dynamically. 

5. 

r 

4 

The test condit ions  were: 

' . =  Arrays A t  nQdainal chltrctorfmtic of 21 v o l t 8  
. a t  7 - 3  ampere currant l imiting. * ,  . 

.' , 
rdrsrinal value o f  70 uattr. 1 .  ... 

-. * .  , 

M 
a r 

! - .  
1 1 .  

I 
I 



Array Output Without Load D i s t u r b a n c e :  
7 . 1 7  antpa a t  20.65 vo l ts .  

Load V a r i a t i o n :  1 3 . 5  watts peak- to -peak  
(60 - 7 3 . 5  w a t t s ) .  

Frequency 
( a s  1 

1 
5 

l o  
30 
50 

100 
200 

300 
500 

1000 

Average  Current 

7 . 1 5  

7 . 1 7  
7.17 
7 . 1 8  

7 . 1 7  

7 . 1  
7 . 0 2  

7 . 0 5  

7 . 1 9  

7 . 1 8  

(Amps) 
Average Voltage 

2 0 . 5  
2 0 . 5  
28.43 
2 0 . 4 5  

2 0 . 4 5  
2 0 . 5 3  

2 0 . 5 8  

20.55 
2 0 . 2  

2 0 . 2  

(VDC) 

D. POWER LOSS MEASUREMENTS* 

1. Shunt  u.6888  

a. Aarp>ere-Hoar Metrr: 400 MW 
b. # a x h u m  Power Tracker: Typically 1 . 3  w a t t s .  
C .  Charge C o n t r o l  R e g u l a t o r :  100  MY for t a p e r  

charge and n e g l i g i b l e  for maximum power charge. 

d. Adhydro- Bcms and Control C i r c u i t :  240 MW 

e .  Load Pulse Width R e g u l a t o r :  1 3 G  MW 

The Maximum Power Tracker s h u n t  loss v a r i e s  some- 

what w i t h  the Solar Array S i m u l a t o r  voltage as 
shown in Figure 3-16. 

I 

I _ _  a 1 
L 
I to 20 30 

SOLAR ARRAY SIMULAWR VOLTAGE 

FIGURE 3-16, #Ax= P W E R  TRACKER GBLtblT LOSS VARIATIONS 
WfTEI  SOLAR ARRAY GlEbrluLAToR VOLTAGE, 

* Refer to F i g u r e  3 -20  for test setup. 



2. Load Dependent Series Losses  
The Charger and Load Regula tor  d i s s i p a t e  approx- 
ima te ly  8% of t h e  power handled.  The fo l lowing  
is  t h e  d a t a  taken  on t h e  t r a n s i s t o r  swi t ch  of t h e  
Maximum Power Tracker:  

Condi t ions  of 
S o l a r  A r r a y  S imula to r  

16V a t  7 amps l i m i t i n g  
21V a t  7 amps l i m i t i n g  
29V a t  7 amps l i m i t i n g  
20V a t  5.9 amps l i m i t i n g  
20V a t  7 . 3  amps l i m i t i n g  
2OV a t  9.1 amps l i m i t i n g  

% E f f i c i e n c y  of 
T r a n s i s t o r  Switch 

9g.8 
93.4 
91.1 
91.2 

93.4 

92.2 

E. LIFE TEST 

The l i f e  tes t  program of t h e  pr imary c o n t r a c t  began 
on December 2 8 ,  1964 and w a s  o r i g i n a l l y  scheduled  t o  
conclude on A p r i l  10, 1965 b u t  w a s  con t inued  through- 
o u t  t h e  d u r a t i o n  of t h e  pr imary and "add-on" c o n t r a c t s .  

The l i f e  t es t  program w a s  conducted i n  the  fo l lowing  
manner u s i n g  t h e  NASA and Engineered Magnetics bread-  
boa rds  of the Ampere-Hour Meter Taper Charge System: 

1. The c a p a c i t y  of a f u l l y  charge'd b a t t e r y  w a s  
measured wi th  an Engineered Magnet ics ,  Labora tory  
Type, Ampere-Hour Meter (Model EMAM104). 

2 .  The b a t t e r y  W a 8  t h e n  d i scha rged  t o  an o u t p u t  l e v e l  
of 1 v o l t  per ce l l .  The b a t t e r y  c a p a c i t y  w a s  t h e n  
re-measured. 

3 .  Using an  e x t e r n a l  c o n s t a n t  c u r r e n t  sou rce  t h e  
b a t t e r y  w a s  re-charged and t h e n  connected t o  t h e  
system breadboard and ope ra t ed  f o r  one week. 

4. The p r o c e s s  w a s  con t inuous ly  r e p e a t e d ,  and approx- 
ima te ly  2840 Charge-Discharge c y c l e s  had been run  
on the  b a t t e r y  a t  the end of t h e  s t u d y  program. 
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5. Figure 3-17 is  a diagram of t h e  se tup  used during 

Typical recorder  p l o t s  obtained during t h e  life t e s t  

of t h e  NASA and Engineered Magnetics breadboards a r e  

presented i n  F i g u r e s  3-18 and 3-19. The following 

information is  obtained from t h e  recorder  p l o t s .  

t h e  l i f e  test. 

Bat te ry  Voltaqe 

A t :  S t a r t  of Discharge 

End of Discharge 

S t a r t  of Charge 

Full Charge 

Trickle Charge 

1 3 - 2  VDC 

11.6 VDC 

13.2 VDC 

14.7 VDC 

14.3 VDC 

Bat tery C u r r e n t  
T r i ck le  Charge Current .8 t o  1.0 ampere 

Recharge-Discharge Ampere-Hours 130% 
T i m e  t o  F u l l  Charge 4 5  m i n u t e s  
C u r r e n t ,  Region B ( C u r r e n t  

Limited Charge Por t ion)  6.4 amperes 

Taper Charge C u r r e n t  6.0 t o  2.0 amperes 
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BATTERY 

( R m D  ON 
CHARGE CONTROL 
A-H METER).  

A ~ P E R E  HOURS 

.. . 

BATTERY 
’VOLTAGE 

P-EGION A:  DISCHARGE. e REGION C: TAPER CHARGE. 
REGION B: CURRENT LIMITED CHARGE. REGION D: TRICKLE CHARGE. 



-. , 

. FIGURE 3-19. 

A c I D L S j W R G E  RGGION C: TAPER CHARGE. 
3: W-NT LIMITED CHARGE. . REGION D, TRICKLE'CHBRGE. 

t I 

LIFE TEST RECORDER P L O T S ,  ENGINEERED MAGNETICS l 3 m B O A R . D .  
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I V .  ANALYSIS AND CONCLUSIONS 

Dur ing  t h e  course o f  t h e  s t u d y  p rogram,  v a r i o u s  e l e c t r o n i c  

c i r c u i t s  w e r e  d e v e l o p e d  i n  a d d i t i o n  t o  a d a p t i n g  p r e v i o u s l y  

d e s i g n e d  c i r c u i t s  f o r  u s e  i n  s a t e l l i t e  power s y s t e m s .  The 

p u r p o s e  of t h i s  s e c t i o n  of t h e  report  i s  t o  summar ize  

these a c c o m p l i s h m e n t s  and t o  show t h e i r  r e l a t i o n s h i p  

(conclusion) t.0 a n  O p t i m u m  C h a r g i n g  Sys t em.  I n  o r d e r  t o  

d o  t h i s ,  S e c t i o n  I V  i s  d i v i d e d  i n t o  three p a r t s :  

A .  D e s c r i p t i o n  o f  c i r c u i t s  and  techniques t h a t  w e r e  

d e v e l o p e d .  

E?. .\nalysis of a t y p i c a l  s a t e l l i t e  p o w e r  s y s t e m .  

C .  D e s i g n  of a spec i f i c  s a t e l l i t e  power s y s t e m  u s i n g  
- _  

t h e  t e c h n i q u e s  d e v e l o p e d .  

A .  D E S C R I P T I O N  O F  CIRCUITS AND TECHNIQUES THAT WERE 
DEVELOPED 
T i l e  f L \ l i o w i l l g  C w i i t r u i  <ci:-ipGLiei; ts  were de-.-cl- ped:  

1 T , *, T-eqi:la- nrc -. Ada?f-aJ-iio,?- ?f '>;y?2 eff?.-;en::.: . .  ::'i,77---' . 
-- . 

f o r  use as: 
a )  Load Pulse-Width  R e g u l a t o r .  

b) T a p e r  charge b a t t e r y  r e g u l a t o r  (Charge  C o n t r o l  

R e g u l a t o r  u s e d  i n  Ampere-Hour Meter Taper 
Charge Sys tem,  see F i g u r e  1-1). 

c )  Maximum power t r a c k i n g  b a t t e r y  charge r e g u l a t o r  

(Pulse-Width  Modu la t ed  T r a n s i s t o r  S w i t c h  u s e d  

i n  Adhydrode-Optimum T r a c k i n g  S y s t e m ,  see 

F i g u r e  1 - 2 ) .  

2 .  Maximum i?ower  Trazker Circuit. 
3 .  B a t t e r y  Adhydrode S e n s e  and  C o n t r o l  C i r c u i t .  

4 .  I n t e g r a t e d  c i r c u i t s f o r  A m p e r e - H o u r  Meter. 

T h e  i n i t i a l  e f f o r t  of t h e  s t u d y  program was t w o f o l d ,  

1) the a d a p t a t i o n  of h igh  e f f i c i e n c y  p u l s e - w i d t h  (or  

b u c k i n g )  r e g u l a t o r s  and  2 )  the  a d a p t a t i o n  of A m p e r e -  

Hour Meters t o  a t y p i c a l  s a t e l l i t e  power system. 

Since in tegra ted  c i r c u i t s  were coming i n t o  w i d e  usage, 
it w a s  d e c i d e d  t o  design the  Ampere-Hour Meter u s i n g  
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i n t e g r a t e d  c i rcu i t s .  This r e s u l t e d  i n  8ome d i f f i c u l t i e s  
due t o  the s e n s i t i v i t y  of i n t e g r a t e d  c i r c u i t s  t o  power 
supply  and ground l i n e  n o i s e .  However, a s u i t a b l e  
Ampere-Hour Meter was developed t h a t  has the  fo l lowing  
s p e c i f i c a t i o n s .  

Accuracy: f3% of r ead ing  from 10% of f u l l  
scale t o  f u l l  scale. 
210% of r e a d i n g  from 1% of f u l l  
scals tc! 10% of f u l l  scale. 

Storage: 6 b i n a r y  b i t s  o r  64 s ta tes .  
Count D i rec t ion :  B i - d i r e c t i o n a l .  
Power Drain: 400 MW. 
o u t p u t s  : Analog 0-1 V i n t o  1 K.  Logical 1 

a t  f u l l  charge state. Capable of 
sequencing the  B a t t e r y  Charge 
Regula tor .  

S i z e  (Approx.): 2-1/2 x 2-1/2 x 2 inches  
Weight (Approx. ) : 10 oz. 

(An improved v e r s i o n  of Ampere-Hour Meter EMAM109 was 
sh ipped  t o  NASA Goddard under a separate c o n t r a c t . )  

P rev ious ly  developed bucking  r e g u l a t o r s  w e r e  adapted  
for  u s e  a6 the  Load Pulse-Width Regula tor  and the 
b a t t e r y  charge regulators. These rsgulatore are 
c h a r a c t e r i z e d  by t h e i r  excellent cff ic iency ( see  
F i g u r e  4-1). Thua, t h e y  have d i s t i n c t  advantage8 for 
use i n  s a t e l l i t e  power systems.  Very l i t t l e  e f for t  
w a s  r e q u i r e d  t o  adapt the  bucking type of r e g u l a t o r  
fo r  use as  a load  r e g u l a t o r .  It was necessa ry ,  how- 
e v e r ,  t o  develop v a r i o u s  c o n t r o l  c i r c u i t s  t o  make t h e  

r e g u l a t o r s  s u i t a b l e  fo r  use  as b a t t e r y  charge 
r e g u l a t o r s .  Thia ,  aleo,  w a s  s u c c e s a f u l l y  accomplished. 
The s p e c i f i c a t i o n 8  for t h i s  type of regulator aret 

Regulat ion:  f.5 t o  *1% of o u t p u t  v o l t a g e  for 
i n p u t  v o l t a g e  changes of 2 : l  and 
o u t p u t  load changes of r) to 100%. 

Eff ic iency:  See F i g u r e  4-1. 
6 i z e  : See F i g u r e  4-2. 
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Weight: See F i g u r e  4-3. 

Ripple:  Typ ica l ly  100 MV. 
Output Impedance: Typ ica l ly  .1c) a t  100 w a t t  power 

l e v e l ,  i n v e r s e l y  p r o p o r t i o n a l  t o  
power r a  t ing  . 

Auxi l i a ry  Con t ro l s t  
1. Voltage compensation f o r  b a t t e r y  tempera ture  

changes. 
2.  Switch- to- t r ick le-charge  upon ampar+-hour'meter 

o r  adhydrode sense command. 
3. Maximum power matching when ope ra t ed  wi th  

Maximum Power Tracker .  

D u r i n g  t5e s t u d y  program, two o t h e r  a r e a s  seemed 
worthy of i n v e s t i g a t i o n .  These w e r e  maximum power 
t r a c k i n g  and adhydrode c o n t r o l  of t h e  cha rge r .  

Maximum power t r a c k i n g  seemed d e s i r a b l e  because of the 

p o s s i b i l i t y  of matching t h e  s o l a r  a r r a y  t o  t h e  b a t t e r y  
and t h u s  achiev ing  maximum power u t i l i z a t i o n  of t h e  
sc?lar a r r a y .  A s imple  n a r r a t i v e  d e s c r i p t i o n  of t h e  
o p e r a t i o n  of a power system w i l l  show w h a t  is meant. 
Suppoee t h e  s a t e l l i t e  h a s  j u s t  paesed f r o m  an eclipse 
i n t o  t h e  s u n l i g h t .  The b a t t e r y  is  i n  ita m o m t  d i scharged  
e t a t e  ( s i n c e  it has been supply ing  t h e  a a t e l l i t o  l o a d  
du r ing  t h e  ecl ipse) .  The s o l a r  a r r a y  is c o l d  and is 
capable  of supply ing  much more than  i t s  normal power 
(see Figure  4 - 4 ) .  I f  there was a method t o  conve r t  
t h i s  e x t r a  power i n t o  b a t t e r y  charg ing  c u r r e n t  then  
w e  could  effect  t h e  f a s t e s t  p o s s i b l e  recharge  c y c l e .  
Maximum power t r a c k i n g  p rov ides  j u s t  such a method f o r  
making t h i s  conversion.  The Maximum Power Tracker  
a d j u s t s  t h e  duty-cycle  on the b a t t e r y  cha rge  r e g u l a t o r  
t o  match t h e  s o l a r  a r r a y  t o  the b a t t e r y .  S ince  t h e  
maximum a v a i l a b l e  s o l a r  a r r a y  power is being  u t i l i z e d ,  
it fo l lows  t h a t  the maximum p o s s i b l e  power ie f lawing  
i n t o  the b a t t e r y .  F u r t h e r ,  t h e  b a t t e r y  i e  very  n e a r l y  
a c o n a t a n t  v o l t a g e  device ,  t h u s  t h e  maximum pooe ib le  
c u r r e n t  is f lowing i n t o  t h e  b a t t e r y .  

-87- 



3 

2 

. 



I n 
I 4 ’ 0  

0: 
0, 
m 
(0 
w -  



The s p e c i f i c a t i o n s  fo r  the Maximum Power Tracker  are: 
Accuracy : See F i g u r e  4-5 .  

Power Drain: 1.3 w a t t s .  
Size (Approx.) 2-1/2 X 2-1/2 X 2 inches 

Weight (Approx.) 10 oz. 

An Adhydrode S e n s e  and Cont ro l  C i r c u i t  w a s  developed 

b a t t e r i e s .  B a t t e r y  manufac turers  are now able  t o  
supply  a t h i r d  e l e c t r o d e  (adhydrode) i n  t h e  n i c k e l -  
cadmium cells.  The adhydrode s u p p l i e s  a s i g n a l  t ha t  

is a f u n c t i o n  of t h e  b a t t e r y  cha rge  s t a t e .  Thus ,  it 
p rov ides  a n  i d e a l  method for  charge t e r m i n a t i o n .  How- 

e v e r ,  t h e  adhydrode s i g n a l  l e v e l  i s  q u i t e  small (typ- 
i c a l l y  20 t o  30 MV). A s e n s o r  c i r c u i t  had to be designed 
and was i n s e r t e d  between the adhydrode(s )  and t h e  b a t t e r y  
cha rge  r e g u l a t o r .  This s e n s o r  c i r c u i t  i s  t h e  Adhydrode 
Sense  and Con t ro l  C i r c u i t ,  The s p e c i f i c a t i o n s  of the 
Adhydrode Sense  and C o n t r o l  C i r c i i i t  are: 

I n p u t  I 1 to 4 adhydrodes ( t empera tu re  

ou tpu t :  

Size (Approx.) : 2-1/2 X 2-1/2 X 2 inches 
Weight (Approx.) : 10 0 2 .  

c- cU t a k e  advzntzge ef a new development in r echa rgeab le  

compensated). 
Compatible with the b a t t e r y  charge 
regulator. 

B .  ANALYSIS OF A TYPICAL SATELLITE POWER SYSTEM 
The fo l lowing  a n a l y s i s  w i l l  p o i n t  o u t  the u8e of the  
c i r c u i t s  t h a t  were devmloped, e s p e c i a l l y  t he  high 
e f f i c i e n c y  buck r e g u l a t o r s a n d  the  Maximum Power Tracker .  
A s a t e l l i t e  power system can  be d e f i n e d  i n  terms of 

power d i s t r i b u t i o n  as a f u n c t i o n  of time i n c l u d i n g  
power g e n e r a t i o n ,  power i n  l oads ,  and losses. 

L e t ,  n = energy e f f i c i e n c y  of a power syetem. 
P,(t) = Regula tor  power lorrses a8 a f u n c t i o n  

of time. 
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U ( t )  = U t i l i z a t i o n  as a f u n c t i o n  of t i m e .  

P , ( t )  = I s o l a t i o n  d i o d e  losses as a f u n c t i o n  

P , ( t )  = B a t t e r y  losses as a f u n c t i o n  of t i m e .  
P , ( t )  = Maximum s o l a r  a r r a y  power a s  a f u n c t i o n  

P,( t )  = Load power as a f u n c t i o n  of t i m e .  

of t i m e .  

of t i m e .  

+ pB ( t )  d t  J 
$P ( t ) d t  "'p(t)dt 

This c a n  be r e l a t e d  t o  a t y p i c a l  s a t e l l i t e  power system. 

See F i g u r e  4-6. 

PATH 1 
t 1 

SOLAR 
ARRAY 

PATH 2 

PATH 
3 

LOAD 

FIGURE 4-6. TYPICAL SATELLXTE PWER SYSTEM. 
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L e t ,  tL = (%) l i g h t  pe r iod  

t d  = (%) d a r k  p e r i o d  

t L  + t d  = 1 

D u r i n b  t h e  l i g h t  per iod ( tL) ,  power f l o w s  i n  pa ths  

1 and  2 of F i g u r e  4-6. 

power f l o w s  i n  pa th  3. B a s e d  o n  F i g u r e  4-6 t h e  v a r i o u s  

t e r m s  ir, e q u a t i o n  ( 1 )  can be c a l c u l a t e d .  Assume t h a t  

/ P , ( t ) d t  = 1, t h e n  a l l  c a l c u l a t i o n s  a re  o n  a per u n i t  

ba s i s .  The te rm-by- te rm c a l c u l a t i o n s  a r e  as  f o l l o w s ,  

D u r i n g  t h e  d a r k  per iod  (td), 

The t h i r d  t e r m  of e q u a t i o n  ( 3 )  is  e a s i l y  c a l c u l a t e d  

s i n c e  it is  ( l - n R ) P L ,  where n R  i s  the r e g u l a t o r  

e f f i c i e n c y .  
0 

t o  be c o n s t a n t  t h e n  PL is also 1. Hence  the t h i r d  t e r m  

of e q u a t i o n  ( 3 )  is ( l - n R ) .  T o  calculate the  f i rs t  t e r m  
is more d i f f i c u l t ,  a s  it d e p e n d s  on the amount of 

e n e r g y  h a n d l e d  by the b a t t e r y .  For t h e  p r e s e n t ,  l e t  
(a) r e p r e s e n t  a number greater t h a n  1 t h a t  accounts 
f o r  diode losses i n  D2, r e g u l a t o r  losses in Regulator 
# 2 ,  a n d  b a t t e r y  losses. Then ,  the  s e c o n d  t e r m  of 

e q u a t i o n  ( 3 )  becomes a ( i - n R )  tL. S u b s t i t u t i n g  i n t o  

e q u a t i o n  ( 3 ) ,  

I f  S I P L  ( t )  d t  = 1 a n d  the  load i s  assumed 

P R ( t ) d t  = a ( l - n R ) t L  + ( l - n R )  4 
= (1 + a t L )  ( l - n R )  

W e  c a n  now p r o c e e d  t o  t h e  f o u r t h  t e r m  
It c a n  be e x p r e s s e d  by, 

( 4 )  

i n  e q u a t i o n  (1). 
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Again, t h e  t h i r d  t e r m  i n  equa t ion  (5 )  i s  e a s i l y  

a r r i v e d  a t  a s  i n  equat ion  ( 4 ) .  The losses i n  t h e  

diode are (1-n ) w h e r e  nDL = 

t and n = ~ VBATTERY fo r  t h e  p e r i o d  tD. S i m i l a r l y  

vARRAy f o r  t h e  p e r i o d  
D VARRAY + . 7  

DD BATTERY + .7 L 

as i n  equa t ion  ( 4 ) ,  t h e  second t e r m  i n  equa t ion  ( 5 )  

becomes, a i i - n  i t  - - A  harp n- = ., V~~~~ 

'ARRAY + .7 D L A * - - C  

Thus, equa t ion  ( 5 )  becomes, 

vA 
) tL + (1 - + . 7 )  tIJ 

vA 

vA + .7 = a (1 - 
vA 

vB 
+ . 7 )  tD + (1 - 

vB 

Without t o o  g r e a t  a loss of  accuracy ,  equa t ion  ( 6 )  can 
be  s i m p l i f i e d  b y  using an average vo l t age  throughout  
and can be c a l l e d  VSySTEM o r  VS. 
problems t h a t  would a r i s e  i f  VARmy and VBATTERY are 
f u n c t i o n s  of t ime.  Then, equa t ion  (6 )  becomes, 

This  avoids  t h e  

W e  come now t o  t h e  f i f t h  t e r m  of equa t ion  (1) which 
is b a t t e r y  l o s s e s .  W e  w i l l  d e f i n e  ano the r  c o n s t a n t  
(b) which r e l a t e s  t o  l o s s e s  i n  Regulator  #2 and losses 
i n  diode D2. Then ,  

A 

J P B ( t ) d t  = b ( l - n g ) t D P L  

where n = b a t t e r y  e f f i c i e n c y  B 
= 1 (by  d e f i n i t i o n )  pL 

and b = &  ( 
R n 
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Hence,  

C a l c u l a t i n g  ( a ) ,  
e n s r g y  t h r o u g h  p a t h  3 

1 -  Vs + . J  1 
n a = (-1 ( ) tD 

R vS B 

efficiency of pa th  3 

T h e r e f o r e ,  e q u a t i o n s  (4) and (7) become r e s p e c t i v e l y ,  

1 1 1 vs + .7 
S - P , ( t ) d t  = [L + (h) ( ) tL tD  

0 R vS B 

1 L1 - vs + .7 
vS 

I n  o r d e r  t o  s i m p l i f y  t h e  c a l c u l a t i o n s ,  assume U ( t )  

e q u a l s  a c o n s t a n t  U. Therefore, equatior; 2 beccrnes, 

JPL ( t ) dt 

‘p ( t ) d t  + J P R ( t ) d t  +J ‘PD( t )d t  +JP,(t)dtl ( 1 3 )  
L 

I 

C.  DESIGN OF A SPECIFIC SATELLITE POWER SYSTEM USING THE 
TECHNIQUES DEVELOPED 

With e q u a t i o n  (14), any satellite power s y s t e m  can be 

a n a l y z e d .  F o r  example ,  e q u a t i o n  (14 )  c a n  be used  t o  

d e s i g n  a power s y s t e m  w i t h  the  c i r c u i t  blocks as  
d e v e l o p e d  a n d  h a v i n g  the  following r e q u i r e m e n t s :  
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PL = 200 w a t t s  

Vs = 2 8  v o l t s  
t D  = 33% = 30 minutes 
tL = 67% = 60 minutes 
B a t t e r y  = Nickel-cadmium of a p p r o p r i a t e  c a p a c i t y .  
From F igure  1, U = .96.  
From F igure  4-5, nR = .94* 

From manufacturer's data, nB = . 73* *  

I 

S u b s t i t u t i n g  i n t o  equa t ion  (14), 

.96 
n =  1 + [l + (1 .064)  ( 1 . 0 2 5 )  ( 1 . 3 7 )  ( . 2 2 )  J ((.06) + (.025)1 ... 

a .96 
1 + .08 + . 033  + .097 

? 2 r Reg. losses Diode losses B a t t e r y  losses 

= .792 

The f a c t o r s  i n  equa t ion  (14) may be iised t o  calculate 

t h e  requi rements  of t h e  v a r i o u s  b l o c k s  iq F i g u r e  4-6. 

Obviously,  the  requi rements  for  Regula tor  #2  a re  200 

w a t t s ,  20" v o l t s  ou tpu t  a t  10 amperes load c u r r e n t .  
The b a t t e r y  watt-hour (WH ) requi rements  are:  B 

1 vs + .7 

"R vS tD wH* = P (-) 

= 1 0 9 . 2  wat t -hours  

The l a s t  number w o u l d ,  of c o u r s e ,  have t o  be c o r r e c t e d  
f o r  t h e  allowable depth of d i scha rge .  

* "So la r  Ar ray  B a t t e r y  P o w e r  Systems", B. Glads tone  
** Page 97shows why although Vs - 2 8 ,  VL - 20V. 
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U p  t o  t h i s  p o i n t  of t h e  a n a l y s i s ,  t h e  t y p e  o r  t y p e s  
of r e g u l a t o r s  t o  be used  have n o t  b e e n  d e c i d e d .  The 

a n a l y s i s  has b e e n  q u i t e  gene ra l  a n d  allows for t h e  

u s e  of buck ,  b o o s t ,  o r  b u c k - b o o s t  t y p e  r e g u l a t i o n .  

It s h o u l d  be n o t e d  t h a t  any  of these t y p e s  of 

r e g u l a t o r s  are c a p a b l e  of  h igh  e f f i c i e n c y  power con-  

v e r s i o n  and  of p e r f o r m i n g  t h e  m a t c h i n g  f u n c t i o n s  of 

a maximum power t r a c k i n g  ba t te ry  charger .  H c ? w e v e r ;  
s i n c e  t h e  e x p e r i m e n t a l  d a t a  g a t h e r e d  i s  b a s e d  o n  a 
b u c k i n g  t y p e  r e g u l a t o r ,  it i s  best  t o  f i n i s h  t h e  

d e s i g n  a n a l y s i s  b a s e d  on  t he  u s e  of b u c k i n g  t y p e  

r e g u l a t o r s .  Us ing  a b u c k i n g  t y p e  r e g u l a t o r  f o r  

R e g u l a t o r  # 2 ,  t h e  minimum b a t t e r y  v o l t a g e  u n d e r  

d i s c h a r g e  must  be 20V + 1V ( r eg .  d r o p )  + . 7 V  ( d i o d e  

d r o p )  o r  2 2  v o l t s  ( a t  1V per c e l l  t h i s  c o r r e s p o n d s  t o  

U' 2 2  c e i l  batter:,. The average 17nltaTe f-r a 2 2  

c e l l  nicXel-cadmium batter11 would  be 22 X 1.2 = 

26.4 volts. Hence,  the a v e r a g e  d r a i n  would be 

200 (1.064)  (1 .025)  126.4 = 8.3 amps. T h u s ,  the  ninirnc!rn 

r e q u i r e m e n t  would  b e  2 2  c e l l s  and 4 .15  amp-hours.  

S i n c e  the b a t t e r y  must  d e l i v e r  109 .2  w a t t - h o u r s  a n d  

i t s  e f f i c i e n c y  i s  .73, t h e  b a t t e r y  charge r e g u l a t o r  

mus t  d e l i v e r  109*2 = 150 w a t t - h o u r s .  T h e  b a t t e r y  . 7 3  

c h a r g i n g  v o l t a g e  w i i l  be a b o u t  1 .45  v o l t s / c e l l * .  Hence,  

t he  b a t t e r y  a v e r a g e  c u r r e n t  i s  

However,  a t  t h i s  p o i n t  t h e  s o l a r  a r r a y  m u s t  be 

examined .  F i g u r e  4-4 s h o w s  t h e  o u t p u t  f o r  a t y p i c a l  

s o l a r  a r r a y  o p e r a t i n g  i n  a 60-30 o r b i t .  Note t h e  

o u t p u t  power v a r i e s  o v e r  a r a n g e  of 2 t o  1. T h e r e f o r e ,  

a 4 . 7  amp a v e r a g e  c o r r e s p o n d s  t o  a peak  r e q u i r e m e n t  of  

13 anps if it is  assumed t h a t  t h e  b u l k  of t he  c h a r g i n g  

is  done  e a r l y  i n  the l i g h t  cycle .  Thus ,  the  b a t t e r y  

= 4.7  amps. 1 5 0  
1 . 4 5  X 2 2  

* V a l u e  ob ta ined  from b a t t e r y  m a n u f a c t u r e r ' s  d a t a .  
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charge r e g u l a t o r  is r equ i r ed  t o  d e l i v e r  10 amps a t  
32 VDC. 

The s o l a r  a r r a y  requirements  can now be c a l c u l a t e d .  
The s a t e l l i t e  load  w i l l  r e q u i r e  218.4 watt-hours  wh i l e  
the b a t t e r y  w i l l  r e q u i r e  (1.064) (1 .025)(150 wat t -hours)  
= 164 wat t -hours .  The u t i l i z a t i o n  is .96. Thus, t h e  
s o l a r  a r r a y  m u s t  supply 399 wat t -hours .  Re fe r r ing  t o  
Figure  4-4, t h i s  corresponds t o  a 399/.797 - 500 w a t t  
s o l a r  a r r a y  a t  25 C. 0 

Due t o  t he  u s e  of bucking type  r e g u l a t o r s  f o r  bo th  t h e  
Load F u i s e  Width Regulator am3 the bat te ry  charge  
r e g u l a t o r s ,  some f u r t h e r  c o n s t r a i n t s  on t h e  solar 
a r r a y  a r e  necessary .  The m i n i m u m  v o l t a g e  on t h e  solar 
a r r a y  m u s t  be g r e a t e r  than  the b a t t e r y  cha rg ing  v o l t a g e  
p l u s  t he  r e g u l a t o r  vo l t age  drop and the diode  drop. 
Thus, VARRAy(MIN) = 32 + 1 f . 7  Z 34 v o l t s ,  R e f e r r i n g  

t o  Figure 4-4, VARRAy(MIN) occur6 at 35 minutes  a f t e r  
the eclipse. This v o l t a g e  is equa l  t o  .66 of the 25°C 

66 v o l t a g e  and e .495 of the maximum voltage. Hence, 

the nominal v o l t a g e  is 51.5 volts and the maximum 
v o l t a g e  is 69 v o l t s .  The c u r r e n t  rating of t h e  solar 
a r r a y  can be c a l c u l a t e d ,  which is 500 wat t s /51 .5  v o l t s  
= 9.7 amps. The s a t e l l i t e  power s y s t e m  is now 
completely analyzed and designed.  It is shown in 
Figure  4-7. 
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I 4 P i 

SOLAR BATToeRY LOAD 

51.5 VOLTS REoowToB RBWXATOR 
9.7 AMP8 32 VOLT8 20 VOLT8 . 10 AMPs 10 AMP8 

ARRAY I CHAR016R -puLS*wIrbTH- 

J ; 14 

GATa?LLIl% 
LQIIl) - - - 

4.15 ~ - 1 K ) ~  

- - - 
FIQURE 4-7. SATELLITE PO)JBCR SYSTm 

FOR 22 CBLL BAIFTBRY. 

Some comments are in order about  the  8atellite 
power Sy8te1n analyzed i n  t h i n  election. F k r t ,  n o t e  
t ha t  no s a f e t y  factor ha6 been designed i n t o  the 
e o l a r  a r r a y .  Any real nyrtem would r e q u i r e  about  
20% safety factor. Second, the  b a t t e r y  has been 
8ieed for 100% depth-of-discharge which is a b 0  
u n r e a l i a t i c .  Third, n o t e  that  a l though the Load 
Pulae-Width Regulator  i 8  20 v o l t r ,  the solar arr8y 
voltage rangee from 34 t o  69.5 V o l t s .  This mean8 
tha t  the  Load Pulro-Width Regula tor  mu8t regulate 
over a wide range (22  - 69 .59 ) .  The average voltage 
at the i n p u t  of the Load Pulse-Width Regula tor  i 8  

q u i t e  high. Thus the duty  c y c l e  is lean t h a n  SOX 
most of t he  t h e .  Both of these condition6 are 
unde8 i rab le  and t end  t o  reduce  the e f f i c i e n c y  and 
incream18 the s ize  and weight of the Load Pul8e-Wiath 
Regulator .  

By changing the  power 8ynt.m somewhat, these c o n d i t i o n s  
can be a l l e v i a t e d .  If the Load Pulee-Width Regula tor  
f u n c t i o n s  as a bucking r e g u l a t o r ,  t hen  the minimum 
solar a r r a y  v o l t a g e  r e q u i r e d  t o  supply the load h 
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22 volte. 
22/.495 or 44.5 volts. 
properly, the charge regulator mumt be a buck-boort 
typo regulator or tho nunrber of cella in tho battory 
should be incraa6sd to 31 cell8. These alternative8 
would not roally alter the power upocificatlons h 
the rymtem. A diagram of a 6atellite power byutm 
designed per the last alternative i m  8hawn in Figure 
4-8 . 

In this case the m a x i m u m  voltage would ba 
In order to chargo the battory 

3 t 

SOLAR BATTERY LOAD 

33.4 VOLTS F t E W I Y ) R  StB-TQR 
15 AMPS 44.5 VOLTS 20 VOLT8 

3 . 5  AMP8 10 AMPS 

ARRAY CHARGER e p V L 8 1 L - w f D T E I  L 

: a 

SATPLLITE 

20 VOLTS 
10 AMPS 

1 - LOAD - - - 
T FT&:mm 

FIGURZ 4-8. SATELLITE PWSR SYSTEM FOR 31 C E U  BATTZRY. 

The last example illu8trates the flexibility pomsible 
in the design of "optimum satellite power mymtm8." 

It ahawrs that' there ita no 8uch thing am one opthum 
power syatem. There is no real alternative to the 
careful analyeirr of power symtem requiremonte and 
thoughtful consideration of alternativo8. 
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A check lifit of the data requirad for m a t u l l i t ~  pwOr 
aymtem design is: 

1, Load requir.mault8r 
a.  POW^^, voltages, CUrrOnt8. 
b, 
c. Peak pawor demand.. 
do 

Can any loado be t h o  rharad, 

Porribla reduced load Ill0di.i of aperation 
that do not  result insLailtars. 

2. Orbit raquircrmcmts t 
a,  Light to dark rat io .  
b. Solar array powcrr vari . t fo~~b.crtur+ O f  

tcm\psrature, degradation ori8ntat&m, etc. , 

3. Black box apecif icatbnst  
a, Bff ic iency  vat. voltaga for rogu18toxu. 
b. Efficiency of battsr ieo ,  mizer, 
c .  Efficiency V B .  power for rogulatorr. 
8 ,  Standby drain of control equipmant. 

4. Rel iabi l i ty  requirementst 
a ,  Battery. depth of dircharge. 
b .  ~ o r a i b i l i t y  of multiple battery-regulator 

C ,  Safaty factor on molar array. 
ryrrtamr allowing partial failaras. 

With thia data it i o  possible to w e  equation (14) to 
analyze variour combinations to optimize a pawar ryrtem 

den Lgn , 
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